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This  report  covers  the  work  done  In  the  Department  of  Physics  of  Oklahoma 
State  University  under  grant  number  BAAG29-76-G-0099  supported  by  the  U.  S. 

/ 

Army  Research  Office,  Research  Triangle  Park,  North  Carolina  from  1 January 
1976  through  31  December  1978.  The  research  involves  the  utilization  of  new 
laser  techniques  such  as  time-resolved  site-selection  spectroscopy  and  photo- 
acoustic spectroscopy  to  characterize  multistep  energy  transfer  and  radiation- 
less relaxation  processes  in  phosphor  and  laser  materials.  The  materials 
investigated  include  CaWO^,  YVO^,  LiNb03,  Bi3Ge^012>  KC1,  Al^,  and  Y^A^  x 
Ga  crystals  doped  with  various  rare  earth  and  transition  metal  ions  and 

also  the  Nd^Yj^P^Oj^  system.  Important  results  include  the  development  of 
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models  for  explaining  energy  migration  among  Nd  ions  in  disordered  garnet 
crystals  and  concentration  quenching  in  stoichiometric  laser  materials. 
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I.  INTRODUCTION 


The  purpose  of  this  research  was  to  enhance  our  understanding  of  some  of 
the  physical  properties  of  optical  materials  with  potentially  Important 
practical  applications.  The  research  goals  stated  In  the  original  proposal 
have  all  be  accomplished  and  an  additional  Investigation  was  carried  out  on 
a material  of  interest  to  the  Army  Electronics  Laboratory.  The  work  accomplished 
during  the  period  of  this  grant  is  briefly  outlined  In  this  section  and  pre- 
sented In  detail  in  the  remainder  of  the  report. 

1.1  Summary  of  Research  Accomplishments 

There  are  three  main  thrust  areas  to  our  research  program.  These  are 
listed  in  Table  I.  The  first  is  characterizing  the  properties  of  specific 
materials  having  interesting  possibilities  for  applications  in  optical  systems 
such  as  those  involving  lasers,  phosphors  for  display  screens  and  lighting, 
frequency  upconverters , optical  storage  and  printing,  fiber  optics  communica- 
tion, etc.  The  field  of  electro-optics  devices  is  one  of  the  most  rapidly 
advancing  areas  of  technology  today,  and  it  has  a significant  Impact  on  a 
wide  variety  of  applications.  These  advances  have  resulted  in  requirements 
for  materials  with  specific  optical  properties.  Since  there  is  a lag  of 
several  years  between  the  time  that  basic  research  is  done  on  the  properties 
of  a new  material  in  the  laboratory  and  the  time  it  is  incorporated  into  some 
new  technological  system,  it  is  important  to  compile  as  much  information  as 
possible  on  the  properties  of  potentially  Interesting  materials  to  be  available 
when  specific  material  design  requirements  are  generated.  Similarly,  in  order 
to  develop  materials  having  specific  physical  properties,  it  is  necessary  to 
gain  an  understanding  of  the  basic  phenomena  affecting  these  properties.  This 
is  the  second  thrust  area  of  our  research  project.  Finally,  it  is  Important 
to  develop  new  experimental  techniques  to  probe  the  optical  properties  of 
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materials  both  for  the  purpose  of  sample  characterization  and  for  understanding 
basic  phenomena.  This  is  the  third  thrust  area.  Using  new  investigative  tech- 
niques is  a critically  important  part  of  obtaining  new  knowledge  about  materials 
and  physical  properties. 

The  development  of  new  types  of  experimental  techniques  has  centered 
around  the  three  spectroscopic  methods  listed  in  Table  1.  Time-resolved  spec- 
troscopy allows  direct  monitoring  of  the  time  evolution  of  dynamical  physical 
processes.  This  adds  an  important  new  dimension  to  the  more  conventional 
steady  state  spectroscopy  methods.  Our  current  capabilities  have  a time  resol- 
ution of  about  1 ns.  Site-selection  spectroscopy  relies  on  the  high  resolution 
capabilities  of  lasers  to  selectively  excite  impurity  ions  in  nonequivalent 
crystal  field  sites.  This  allows  microscopic  inhomogeneities  in  the  system  to 
be  probed.  Our  current  equipment  is  limited  in  resolution  by  the  width  of  the 
laser  line  which  is  about  0.20  cm  \ Photoacoustic  spectroscopy  is  a method 
of  directly  measuring  the  heat  given  off  in  radiationless  decay  processes.  It 
is  a well  known  technique  for  gas  phase  research  but  its  application  to  solid 
state  physics  is  relatively  new.  There  is  still  a great  deal  of  work  to  do  on 
this  techniaue  in  ODtimizing  the  signal  to  noise  ratio,  understanding  all  of 
the  contributions  to  the  PAS  signal,  and  extending  the  capabilities  to  low  temp- 
eratures. Although  a detailed  interpretation  of  the  absolute  magnitude  of  the 
signal  in  a PAS  spectrum  is  extremely  difficult,  we  have  found  that  PAS  is  still 
a powerful  tool  when  used  by  comparing  the  relative  peak  heights  of  bands  in 
the  absorption,  fluorescence  excitation  and  photoacoustic  spectra.  This  gives 
added  information  on  the  relaxation  dynamics  of  a system  which  cannot  be  obtained 
from  standard  optical  methods. 

Our  Investigation  of  physical  phenomena  has  focused  on  energy  transfer 
and  radiationless  decay.  Both  of  these  types  of  processes  are  extremelv  important 
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in  determining  the  optical  characteristics  of  a material  useful  in  practical 
applications.  Radiationless  decay  processes  determine  the  efficiency  of  pumping 
fluorescing  levels  after  exciting  into  higher  absorption  bands.  They  also 
directly  effect  the  radiative  quantum  efficiency  of  a metastable  level.  Energy 
transfer  processes  can  be  effective  either  in  enhancing  the  pumping  of  a 
specific  species  of  fluorescing  ions  or  in  causing  concentration  quenching  of 
the  fluorescence.  There  are  many  aspects  of  these  processes  which  are  still 
not  well  understood  and  they  have  not  been  well  characterized  in  most  materials. 

The  new  experimental  techniques  discussed  previously  are  especially  useful 
in  obtaining  new  knowledge  concerning  these  specific  types  of  processes.  Photo- 
acoustic spectroscopy  has  yielded  important  information  about  decay  modes  of 
ions  in  crystals  and  about  concentration  quenching  of  the  fluorescence.  Time- 
resolved  spectroscopy  has  been  most  helpful  in  developing  models  for  excition 
migration  in  materials  exhibiting  intrinsic  fluorescence.  Site-selection 
spectroscopy  has  elucideated  microscopic  differences  in  the  local  environments 
of  impurity  ions  in  host  srystals  and,  coupled  with  time-resolved  techniques, 
has  been  a powerful  tool  for  studvlng  enerev  transfer  between  ions  in  nonequivalent 
sites.  The  ability  to  probe  the  details  of  energy  transfer  with  the  spectral 
and  temporal  resolution  now  available  has  necessitated  the  development  of  new 
theoretical  models  for  explaining  the  observed  results. 

The  materials  characterization  Dart  of  this  Drogram  has  centered  around  the 
systems  listed  in  Table  I which  all  exhibit  useful  properties  for  applications 
as  lasers  or  phosphors.  Host-sensitized  energy  transfer  is  being  characterized 
in  the  tungstate,  vanadate,  germanate,  and  niobate  hosts  doped  with  rare  earth 

or  transition  metal  impurity  ions.  The  interaction  and  energy  transfer  between 
impurity  ions  has  been  characterized  in  some  of  these  materials  as  well  as  in 
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Che  mixed  Rarnet  and  mixed  pentaphosphate  hosts.  The  characterization  of  the 
radiationless  quenching  of  the  fluorescence  in  neodymium  pentaphospha  e crystals 
have  proven  especially  important. 

One  important  result  of  this  work  has  been  the  development  of  a model  to 
quantitatively  characterize  the  transfer  of  electronic  excitation  energy  from 
"molecular"  host  crystals  to  importiy  ions.  This  model  is  based  on  the  migration 
and  trapping  of  localized  excit  and  has  now  been  employed  by  several  different 
laboratories  in  interpreting  results  obtained  on  a variety  of  materials  of 
this  type.  In  our  laboratory  laser  excited  time- resolved  spectroscopy  techniques 

3+  3+  # 

have  been  used  to  study  CaWO^  with  Sm  and  Eu  activator  ions,  YVO^  with’ 

3+  3+  3+  3+ 

Eu  and  Er  activator  ions,  LiNbO^  double  doped  with  Eu  and  Cr  ions  and 

3+ 

Bi^Ge^O^  with  Er  activators.  The  exciton  migration  and  trapping  parameters 

determined  for  these  systems  are  discussed  in  Chapter  IV.  ' 

A second  important  result  of  this  work  has  been  the  characterization  of 

energy  transfer  between  similar  ions  in  different  types  of  sites  in  an 

inhomogeneous  crystal  host.  Our  previous  work  utilizing  laser  time-resolved 

3+ 

site-selection  spectroscopy  techniques  to  study  Sm  ions  in  CaWO^  was  extended 

2+  3+  3+ 

to  Eu  ions  in  KC1  crystals,  Eu  ions  in  YVO^  crystals  and  Nd  ions  in  pure 

and  mixed  garnet  crystals.  These  results  are  presented  in  detail  in  Chapter  V. 

The  Nd-garnet  system  yielded  the  most  interesting  results  since  the  energy 
transfer  was  found  to  be  consistent  with  a two  phonon  assisted  process  as  pre- 
dicted by  recent  theoretical  work.  The  transfer  efficiency  was  found  to  be 
greatly  enhanced  by  increasing  the  inhomogenietles  in  the  system  due  to  the 
change  in  the  transition  matrix  elements. 

A third  important  result  of  this  work  was  the  development  of  a model  to 
explain  concentration  quenching  in  neodymium  pentaphosphate  (NdP^O^) . This 
is  an  important  new  material  having  the  low  threshold  and  high  gain  characteristics 
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ideal  for  miniature  optically  pumped  laser  which  maybe  the  key  elements  in  the 
new  fiber  optics  communication  technology.  The  model  is  based  on  efficient 
spatial  but  non-spectral  energy  migration  to  surface  quenching  sites.  This 
is  substantiated  by  time-resolved  site-selection  spectroscopy  and  photoacoustic 
spectroscopy  results  as  well  as  the  results  of  standard  optical  spectroscopy 
measurements.  The  details  of  this  work  are  presented  in  Chapter  VI. 

A final  important  result  was  the  demonstration  of  the  usefulness  of  photo- 
acoustic sDectroscopv  as  a technique  for  characterizing  radiationless  relaxation 

Drocesses  of  ions  in  crystals.  This  was  done  in  three  separate  investigations. 

2+ 

The  first  involved  Eu  in  KC1  where  the  phase  of  the  PAS  signal  was  used  to 

show  the  importance  of  4f^  levels  acting  as  bottlenecks  in  the  decay  from  the 

6 3+ 

4f  5d(e  ) level.  The  second  was  a comparison  of  the  PAS  spectra  of  Cr  ions 
g 

in  various  host  crystals.  The  differences  in  the  spectra  observed  for  MgO  and 
A^O^  hosts  showed  the  usefulness  of  PAS  in  determining  dominant  decay  modes. 

The  third  was  the  investigation  of  NdP^O^^  which  helped  lead  to  the  proposed 
model  for  concentration  quenching  in  this  system  as  discussed  in  the  preceeding 
paragraph.  The  details  of  this  work  are  given  in  Chapter  VII. 

The  following  two  chapter  present  background  material  in  the  areas  of 
photoacoustic  spectroscopy  and  energy  transfer  while  the  final  chapter  summarize 
plans  for  the  continuation  of  this  research  project. 

1.2  Publications  and  Personnel 

The  work  performed  during  the  three  years  of  this  grant  resulted  in  the 
14  publications  listed  in  Table  II  along  with  numerous  unpublished  presentation 
and  colloquia.  Four  graduate  students  were  supported  by  this  grant  and  their 
doctoral  theses  are  listed  in  Table  II.  Also  two  undergraduate  students 
E.  W.  Freed  and  D.  P.  Selkirk  participated  In  this  research  project. 
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It  was  a pleasure  to  have  the  opportunity  to  collaborate  with  Profs. 

B.  DiBartolo  of  Boston  College  and  G.  F.  Imbusch  of  University  College  in  Galway 
Ireland.  Both  spent  one  month  in  our  laboratory  working  on  the  Nd-mixed  garnet 
system  with  us.  Prof.  Imbusch  was  sponsored  by  the  Middle  America  State 
University  Association  as  a MASUA  Visiting  Foreign  Scientist.  Three  other 
scientists  also  worked  on  this  project.  J.  M.  Flaherty,  a visiting  assistant 
professor  at  Oklahoma  State  University  spent  one  year  working  on  the  NdP^O^ 
research  and  B.  J.  Ackerson,  an  assistant  professor  at  Oklahoma  State,  spent 
one  month  initiating  preliminary  experiments  on  antistokes  excitation  studies 
in  our  laboratory.  Also  Prof.  T.  M.  Wilson  of  our  faculty  assisted  us  with 
the  computer  program  involved  in  analyzing  vibronic  sidebands. 

Supplemental  support  for  our  laboratory  was  received  in  the  form  of  an 
equipment  grant  from  the  National  Science  Foundation.  This  allowed  us  to 
expand  our  laboratory  capabilities  to  include  a CW  dye  laser  system  which  has 
been  used  in  some  of  our  photoacoustic  work. 

II.  PHOTOACOUSTIC  SPECTROSCOPY  OF  SOLIDS 

Photoacoustic  spectroscopy  (PAS)  is  a technique  for  measuring  the  amount 
of  heat  generated  in  a sample  after  the  absorption  of  light.1  Although 
it  has  been  used  successfully  for  years  in  gas  studies,  its  application  to  solid 
state  physics  is  relatively  new.  It  this  section  we  review  the  experimental 
apparatus  and  the  theory  of  PAS  signal  generation.  Results  obtained  using  this 
technique  to  Investigate  radiationless  relaxation  processes  of  ions  in  solids 
are  discussed  in  later  sections. 

II. 1 Experimental  Apparatus 

Photoacoustic  spectroscopy  is  based  on  the  periodic  illumination  of  a 
sample  in  an  acoustical  cell  containing  a microphone  detector.  A block  diagram 
of  our  PAS  experimental  apparatus  is  shown  in  Fig.  1.  For  spectral  scans  a 
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Figure  1.  PAS  Apparatus 


1000  W high  pressure  mercury  or  tungston-halogen  lamp  focused  onto  the  entrance 
slit  of  a Spex  0.22  meter  Czerny-Turner  monochromator  with  grating  blazed  at 
300  nm  and  typically  used  with  5 mm  slit  widths  to  give  a 20  mn  bandpass.  For 
chopping  frequency  studies  argon  Ion  or  tunable  dye  lasers  were  used  as 
excitation  sources.  The  light  was  modulated  by  a mechanical  chopper  capable 
of  numerous  discrete  frequency  settings  between  100  Hz  and  2000  Hz. 

The  excitation  light  was  focused  onto  the  sample  Inside  the  PAS  cell 
which  is  also  shown  in  Fig.  1.  This  consisted  of  an  aluminum  chamber  with  a 
quartz  input  window  and  a microphone  mounted  at  the  side.  An  aluminum  foil 
baffle  kept  scattered  light  from  the  microphone,  a General  Radio  1961  one  inch 
electret.  The  sample  was  mounted  on  a quartz  exit  window.  The  chamber  was 
backed  by  a piece  of  black  cloth  to  eliminate  back  scattered  light,  and  mounted 
in  a styrofoam  holder  to  minimize  coupling  of  outside  vibrations  to  the  cell. 

The  signal  from  the  microphone  was  amplified  by  a current  sensitive  preamplifier 
and  a PAR  Model  128  lock-in  amplifier.  The  lock-in  received  its  reference 
signal  from  the  light  chopper,  and  the  phase  of  detection  relative  to  this 
reference  could  be  chosen  manually.  Output  from  the  lock-in  was  recorded  on  a 
strip  chart  recorder.  When  signal  to  noise  improvement  was  necessary  the  signal 
was  sent  through  a voltage  to  frequency  convertor  to  a multichannel  analyzer 
and  the  spectral  scans  repeated  several  times  and  averaged. 

To  correct  the  spectra  for  variations  of  the  excitation  intensity  with 
wavelength,  a piece  of  charcoal  was  substituted  for  the  sample.  Charcoal  has 
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II. 2 Theory  of  PAS  Signal  Generation 

Several  theoretical  developments  have  been  given  for  the  signal  generation 

in  solid  state  PAS.  The  theory  outlined  in  this  section  is  due  mainly  to 

2 

Rosencvaig  and  Gersho. 

Typically,  the  derivation  of  an  expression  for  the  PAS  signal  considers  a 
simple  cell  geometry  such  as  depicted  in  Fig.  2.  The  oroblem  is  treated  as  one- 
dimensional, with  incident  light  passing  through  a front  vindoy,  a length  of 
gas,  l , a sample  of  thickness  1,  and  a backing  material  of  thickness  1 upon 

O D 

which  the  sample  is  mounted.  Various  optical  and  thermal  parameters  are  re- 
quired. These  include  thermal  conductivity  k^  density  p^,  specific  heat  c^, 
where  in  each  case  the  subscript  1 may  take  the  values  g,  s and  b for  the  gas, 
simple  and  backing,  respectively.  From  these  may  be  derived  the  thermal  dif- 
fusivity  - k1/Pici»  the  thermal  diffusion  coefficient  ■ (u/2a1)ls,  and  the 
thermal  diffusion  lenght  ■ 1/a^,  where  w/2ir  is  the  modulation  frequency  of  the 
excitation  light.  This  modulation  is  assumed  to  be  sinusoidal,  of  intensity 

I “ 5 I (1  + cos  wt)  (1) 

in  units  of  power  per  unit  area.  The  gas  and  backing  are  assumed  to  be 
transparent,  whereas  the  sample  has  optical  absorption  coefficient  8,  and  mry 
convert  a fraction  n of  the  absorbed  energy  of  heat,  where  both  these  quantities 
are  dependent  upon  the  wavelength  of  the  Incident  light. 

The  method  of  solution  proceeds  by  setting  up  equations  for  the  temperature 
in  the  three  regions,  gas,  sample,  and  backing.  For  the  gas  and  backing  these 
are  simply  diffusion  equations,  where  t I*  Che  temperature  relative  to  room 
temperature : 
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In  the  sample  a source  term  is  required  to  account  for  heat  production  due  to 


light  absorption 


The  boundary  conditions  are  that  the  temperature  at  the  cell  ends  equal  room 


temperature,  and  continuity  of  temperature  and  heat  flux  at  the  gas-sample  and 


sample-backing  boundaries.  The  solution  of  this  set  of  equations  will  not  be 


carried  through  here,  but  may  be  found  in  Rosencwaig  and  Gersho 


These  workers  then  use  the  solution  for  the  time-dependent  gas  temperature 


to  estimate  the  pressure  fluctuation  as  follows.  It  is  first  noted  that  for  the 


gas  beyond  2n  p the  temperature  fluctuation  is  nearly  zero.  Thus  the  volume 


change  in  the  layer  0 


x 5 2r  n is  calculated  using  the  spatial  average  of 


temperature  over  this  layer  and  the  ideal  gas  law,  assuming  constant  pressure 


This  latter  assumption  is  clearly  not  true,  and  represents  a rough  approximation 


The  pressure  fluctuation  in  the  remaining  gas,  2n  p < x < 2,  is  then  calculated 


assuming  adiabatic  compression  of  thie  region  by  the  "piston"  formed  by  the 


layer  in  which  temperature  fluctuations  were  found  to  be  significant.  If  the 


PAS  cell's  microphone  senses  the  pressure  fluctuation  in  this  region  the  result 


where  Q is  given  by 
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(6) 


Here  Pq  and  Tq  are  the  ambient  pressure  and  temperature,  and  y is  the  ratio  of 
specific  heats  of  the  gas.  The  real  part  of  Eq.  (5)  represents  the  actual 
signal  to  be  measured. 

The  rather  difficult  general  expression  for  the  photoacoustic  signal  may 
be  greatly  simplified  in  certain  special  cases.  These  consist  of  combinations 
of  thermally  thick  or  thin  sample,  and  optically  thick  or  thin  sample.  Again 
following  the  work  of  Rosencwaig  and  Geraho,  six  cases  suggest  themselves. 
Definition  of  an  optical  penetration  length  - 1/B  will  flcllltate  identifi- 
cation of  these  cases,  and  It  will  always  be  assumed  that  k^a^  < k^a^  due  to  the 
low  thermal  conductivity  of  gases. 
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First  let  us  consider  the  case  of  an  optically  thin  solid,  one  for  which 
Pp  > A.  If  tig  » 1 and  pg  > p^,  that  is  the  sample  is  even  more  transparent 
to  the  passage  of  heat  than  of  light,  one  would  expect  the  amount  of  light 
absorbed  to  be  roughly  proportional  to  B,  and  that  virtually  all  the  heat 
generated  is  able  to  diffuse  out  of  the  sample.  Indeed,  using  the  approximations 
exp  (-BA)  A 1 - BA  and  exp  (±(l+i)asA)  * 1,  Eq.  (6)  becomes 


I P YBn 
o o 

2/1  A T k a 62 
g o s g 


k±  , . . itili  a . M) 

A lv  A Jv  A A 

S 8 s S S S 


2Vb 

X ■ 

S S 


2Vb 

k a 
s s 


T7T 


i p Yn 

o o 


A T k a 
g o s g 


(l-i)BA 


1) 


I P Y A(l-i) 
o o 

4/2  A a k a T 
g g b b o 


nB 


(7) 


since  it  is  reasonable  to  assume  kg  = kfe  and  afe  A ag  < B.  Thus  the  PAS  signal 

is  proportional  to  Bt,,  since  a a - to/2  /a,  a the  signal  varies  as  to-1. 

b g b g 

If  again  the  sample  is  optically  and  thermally  thin,  but  with  p < p 

s B 

the  result  is  similar.  In  this  case  exp  (—BA)  • 1-6 A but  we  will  keep  exp 

(±(l+i)a  A)  A l±(l+i)a  A,  so  that 
s s 
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just  as  in  the  previous  case,  since  ag  » 0 , so  that  the  PAS  signal  is 
proportional  to  n0/w. 

The  result  is  slightly  different  if  the  sample,  still  regarded  as  optically 

thin,  is  taken  to  be  thermally  thick  so  that  y « y and  y < SL.  In  this  case 

s p s 

only  a layer  of  the  sample  of  thickness  yg  near  the  surface  contributes  to  the 

signal,  due  to  the  limited  thermal  diffusivitv.  We  may  still  expect  a signal 

proportional  to  0n,  but  with  a somewhat  different  dependence  on  the  thermal 

parameters.  Indeed,  taking  exp  (-0H)  ± 1-01  and  exp  (~(l+i)a  1)  = 0,  the 

s 

result  is 
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Thus  the  signal  is  indeed  proportional  to  0n,  but  due  to  the  factor  a a in 

g s 

-3/2 

the  denominator  it  is  now  proportional  to  id 

The  three  cases  considered  thus  far  have  involved  samples  sufficiently 
transparent  that  the  amount  of  light  absorbed,  and  thus  the  signal,  could  be 
taken  as  approximately  proportional  to  0,  regardless  of  thermal  properties  of 
the  sample.  In  the  following  three  cases  the  sample  is  taken  to  be  optically 
dense,  so  that  effectively  all  the  light  incident  upon  the  sample  is  absorbed. 
In  such  a case  the  sample's  thermal  properties  are  found  to  be  critical  in 
determining  what,  if  any,  dependence  upon  absorption  coefficient  the  sample 
displays. 
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If  the  opticall  thick  sample,  p0  <<  £,  is  thermally  very  thin  such  that 

P 

p >>  £ » p„,  we  may  intuitively  suspect  that  since  all  the  light  is  absorbed 
s P 

and  all  the  heat  produced  is  efficiently  carried  out  of  the  sample,  the  PAS 
signal  willshowno  dependence  upon  g.  Taking  exp(-g£)  = 0 and  exp(±(l+i)ag£) 

= 1,  we  find 
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where  we  note  that  6 » a whereas  it  is  reasonable  to  assume  that  k,  a,  and 

s b b 

kgag  are  of  the  same  order  of  magnitude,  both  these  components  being  solids. 

Also,  recall  that  we  take  k a <<  k a , as  stated  earlier.  The  resultant  PAS 

g g s s 

signal  is  proportional  n,  and  due  to  the  a a,  factor,  to  co  \ but  as  expected 

8 b 

is  independent  of  g. 

If  the  opaque  sample  is  thermally  thick,  so  that  pg  < £,  two  cases  may 
arise.  The  first  occurs  if  the  thermal  diffusion  length  is  longer  than  the 
optical  penetration  depth,  p > p . In  this  case,  although  only  a small  portion 

S p 

of  the  sample  may  thermally  "communicate"  with  the  surface,  this  small  region 

is  sufficient  to  contain  the  region  in  which  the  light  is  fully  absorbed.  We 

thus  may  expect  a result  similar  to  the  preceding  case.  Taking  exp(-gi)  *■  0 

and  exp(-(l+i)a  £)  i 0,  we  have 
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the  same  result  as  the  optically  thick  and  thermally  thin  case,  except  that 
the  thermal  parameters  of  the  backing  are  replaced  by  those  of  the  sample  since 
the  short  diffusion  length  allows  no  communication  of  backing  properties  to 
the  gas.  Again  the  signal  is  proportional  to  nw  \ 

It  may  be  observed  that  the  insensitivity  of  these  two  cases  to  the 
absorption  coefficient,  and  the  strength  of  signal  expected  in  a case  in  which 
all  light  is  absorbed  and  efficient  thermal  diffusion  occurs,  are  well-suited 
for  production  of  a signal  proportional  only  to  Iq(A).  If  n is  also  near  unity 
for  all  wavelengths,  as  in  the  case  of  charcoal  and  similar  carbon  materials, 
a good  material  for  calibration  of  the  excitation  source  spectrum  results. 

The  final  case  to  be  considered  is  that  of  an  optically  and  thermally  thick 
sample  in  which  the  thermal  diffusion  length  is  much  shorter  than  the  optical 
penetration  depth,  u <<  p <<  <<  SL.  Since  now  only  a small  portion  of  the 

S P 

region  in  which  the  light  is  absorbed  can  contribute  to  the  PAS  signal  we  may 
expect  to  recover  a dependence  upon  3.  If  exp(-gZ)  = 0 and  exp(-(l+i)asJl) 

= 0,  we  have 
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which  Is  proportional  to  0no>  , and  is  exactly  the  result  (9) , in  which  also 
the  short  thermal  diffusion  length  controlled  the  behavior. 

Some  comments  as  to  phase  of  the  PAS  signal  are  appropriate.  The  u/4 
phase  factor  in  Eq.  (5)  together  with  the  complex  numbers  in  the  various  special 
case  forms  of  Q indicate  the  phase  of  the  PAS  signal  relative  to  the  excitation 
source  modulation.  It  is  not  surprising  that  these  vary  among  the  cases, 
since  in  those  cases  where  the  thermal  diffusion  length  is  much  greater  than 
the  depth  of  the  illuminated  region  little  time  in  required  for  the  bulk  of 
the  generated  heat  to  diffuse  to  the  surface,  whereas  in  the  opposite  case  con- 
siderable heat  is  still  reaching  the  surface  long  after  the  peak  light  intensity 
has  passed.  Another  source  of  phase  shift,  the  lifetime  of  the  radiationless 
transition  giving  rise  to  the  heat  signal,  has  been  neglected  in  this  derivation. 
It  will  be  treated  in  an  approximate  manner  in  the  next  section. 

The  limited  usefulness  of  these  special  case  results  should  be  noted.  In 
many  cases  it  is  possible  to  control  the  sample  thickness  and,  by  means  of 
chopping  frequency,  the  thermal  diffusion  length  to  a degree,  thus  choosing 
conditions  consistent  with  a particular  special  case.  However,  as  the  excitation 
source  is  scanned  in  wavelenth  to  obtain  a photoacoustic  spectrum  the  optical 
absorption  coefficient  may  change  considerably.  In  the  case  of  very  strong 
absorption  bands  separated  by  transparent  regions  one  may  vary  from  a small 
-6  case  with  signal  proportional  to  6 to  a large-6  case  Independent  of  6. 

II. 3 Application  to  Radiationless  Relaxation  Processes 

An  excited  electronic  state  of  an  ion  in  a solid  may  deexclte  by,  among 
other  processes,  radiationless  relaxation.  In  this  process  the  energy  of 
the  excited  electron  is  dissipated  by  the  emission  of  one  or  more  quanta 
of  lattice  vibrational  energy,  requiring  some  interaction  between  the  electronic 
states  and  the  atomic  vibrations. 


J-S.A  » — 
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The  consequent  electron-phonon  interaction  makes  possible  radiationless 
transitions  between  electronic  states,  the  probability  of  which  depends  upon 
the  strength  of  the  interaction  between  the  excited  electron  and  the  neighboring 
ions.  For  the  purpose  of  this  work  it  is  simply  necessary  to  note  that  any 
given  excited  state  may  have  radiationless  as  well  as  radiative  decay  channels 
available  to  it.  The  probabilities  of  these  various  decays  sum  to  give  the 
total  decay  probability  of  the  level,  dictating  the  lifetime  of  the  decay  of 
the  level.  If  one  radiationless  transition  is  to  be  detected  by  photoacoustic 
spectroscopy  the  excited  level  will  contribute  to  the  signal  an  amount  pro- 
portional to  the  probability  of  excitation  of  the  level  and  to  the  fractional 
probability  of  decay  bv  that  radiationless  mode  multiplied  by  the  quantity  of 
energy  dissipated  by  phonon  emission  in  the  decay  process.  Further,  the  life- 
time of  excited  level  will  affect  the  phase  lag  of  the  PAS  signal  behind  the 
modulation  of  the  excitation  source. 

The  relation  of  the  PAS  phase  to  the  decay  lifetime  may  be  simply  expressed 
if  this  lifetime  is  regarded  as  the  only  factor  causing  a phase  difference  be- 
tween the  excitation  and  the  signal.  In  this  case  the  signal  observed  is 
proportional  to  the  convolution  of  the  time-varying  excitation  intensity 
function  with  the  exponential  decay  term.  Only  the  sinusoidal  portion  of  the 
intensity  need  be  considered,  giving 


/"  e S//t  cos  u>(s-t)ds 
o 


cos  (o)t  - a) 

y~i  -2 


U + T 

where  to  is  the  angular  frequency  of  the  light  modulation,  t 
of  the  decay,  and  the  phase  shift  a is  related  to  the  other 


(13) 


is  the  lifetime 
parameters  by 


T “ (tan  a)/w  . 


(14) 
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This  relation  may  be  used  to  estimate  the  lifetime  of  the  decay  by  the  phase 
shift  of  the  signal. 


1 


In  general  an  excited  electronic  state  may  have  more  than  one  radiationless 
channel  of  decay  available  to  it  terminating  on  various  lower  energy  levels, 
each  of  which  may  also  have  more  than  one  decay  channel.  The  signal  due  to  the 
i*"*1  decay  mode  of  the  jth  level  will  be  proportional  to  the  probability  of  that 
decay  relative  to  the  total  level  decay  probability,  the  fraction  and  to 

the  energy  dissipated  in  the  transition,  hv^. 

Since  each  decay  process  is  driven,  directly  or  indirectly,  by  the 


periodic  illumination,  each  will  contribute  a signal  with  a phase  shift 
related  to  the  lifetime  of  the  jth  level  by  Eq.  (14).  The  signal  due  to  the  ji 


decay  is  thus  proportional  to 


hv..  cos(a.-e)  (15) 

3*  3*  3 

where  0 is  the  phase  angle  of  detection.  For  a total  signal  involving  several 
such  transitions  a summation  is  required.  Also,  the  signal  is  proportional  to 
the  number  of  photons  absorbed,  N&,  and  will  be  normalized  by  the  number  and 
energy  of  photons  NQhvo  available  to  excite  the  ions  in  the  sample  to  a partic- 
ular initial  energy  level.  Thus,  the  PAS  signal  may  be  written  as 


1PAS(0)  “ Na  l ] ♦ji  hvji  cos(aj-e)/(Nohvo).  (16) 

This  formula  allows  a simple  means  of  interpreting  PAS  data  arising  from  multiple 
decays  and  of  estimating  radiationless  decay  parameters  from  these  data. 
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III.  ENERGY  TRANSFER  IN  SOLIDS 

In  the  final  reports  on  our  two  previous  Army  grants  the  basic  theories  of 
single-step  and  mulistep  energy  transfer  processes  were  outlined.  In  this 
section  we  discuss  two  further  aspects  of  energy  transfer,  the  treatment  of 
combined  long  range  resonance  interaction  and  diffusion  processes  and  the 
treatment  of  phonon  assisted  energy  transfer.  The  application  of  these  theories 
to  the  interpretation  of  results  are  discussed  further  in  later  sections. 

III.l  Combined  Energy  Transfer  Theory 

Several  approaches  have  been  presented  for  treating  the  combined  effects 
of  energy  migration  and  trapping  at  an  activator  site.  The  one  most  appropriate 
for  most  of  the  investigations  of  interest  here  were  developed  by  Yokota  and 
Tanimoto^  and  is  outlined  in  the  following  paragraphs. 

If  the  distribution  function  for  excited  sensitizers  is  n (r,t),  then  under 

s 

the  influence  of  diffusion  among  sensitizers  and  dipole-dipole  transfer  to 
activators , 


3n 
S 

at 


+ DV2n 

s 


(1) 


where  D is  the  diffusion  constant,  t is  the  sensitizer  lifetime,  r^  is  the 
separation  between  a given  sensitizer-activator  pair  and  a is  the  interaction 
strength.  Upon  summing  over  all  sensitizers,  assuming  a uniform  distribution 
of  donors  and  averaging  over  all  activator  positions,  which  are  assumed  to  be 
random,  we  may  write 


N (t)  - 
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-t/r  t(DV2-Ea/r  6) 

N (O)  e t/T  <e  1 1 > 


av 
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where  N is  the  total  number  of  excited  sensitizers  and  < > represents  the 

activator  averaging.  To  evaluate  this  we  first  assume  a sufficiently  low 

activator  concentration  that  each  is  unaffected  by  the  others,  so  that  the 

sensitizer  decay  term  due  to  transfer  to  one  activator  may  simply  be  taken  to 

the  N&  power,  where  is  the  total  number  of  activators.  Due  to  the  assumption 

of  uniform  sensitizer  distribution,  the  average  transfer  rate  to  a single 

activator  is  found  by  converting  the  sum  over  all  s-a  separations  to  an  integral 

3 

over  the  crystal  volume,  V = 4ttRv  /3.  Therefore, 


N (t)  - N (0)e"t/T 

8 8 


V ^ o 4lTr2  exP(tDVr2  “ ^dr 

r 
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Now  since  and  r are  Hermitian  we  may  use  the  expansion 


2 at. 


exp(tDVr*  - ^)  = exp (-  2|)  (i  + | <-l)n  /fcdt  -/V 1dt 

T j.  n— j.  o J.  o r 


x U(t  )»»*0(t  )} 
l n 


(4) 


where 


U(t)  = etCt/r  (-DVr2)e"ta/r6  * 


(5) 


If  D is  assumed  to  be  rather  small  it  will  suffice  to  keep  only  a few  terms  of 
the  sum.  Therefore, 


NB(t)  - Ns(0)e"t/T[^L  dr  rVt0/r6  {1  + / ^ DV^e"*1 
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* 'X  'oX“v/r  - vv/r > 

♦ x 'lx 


tf/r*  2 ‘fc3a/r6  N 

x (e  DV  ' * e 3 ) + ...}]  a 


" Ng(0)e"t/T[To  + Tx  + T2  + T3  + ...]  a, 


where  T is  the  term  dependent  on  D°.  Let  us  now  evaluate  these  terms  through 


The  term  T is 
0 


T . il  /v  -ta/r6  2 

o T fo  * r c 


4n  (at)  **  .yv  -v  -3/2 

~ 6v — U e y 


where  y - at/r6  and  yy  = at/Rv6  = tR  6/tR  6.  Integrating  by  parts  and  noting 
that  for  all  times  of  interest,  t less  than  several  t,  we  may  assume  y^  <<  1, 
we  have 


4ff (at)**  , ~y 
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x dy  - r<j)} 


■ “ (at)*1  {yv**  - T(-j)  + higher  order  terms)  (g) 


1 3 

Noting  that  f(— ) = fH  and  that  V = 4ir  R /3,  we  find 


o 3V 


In  evaluating  the  term  linear  in  D the  time  integration  must  first  be  done, 
is 


(9) 


It 
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Therefore,  with  y ■ at/r  as  before, 
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ll2al/«t7/6  fMr(|, 
and  higher} 


* j T (g-)  + terms  of  order  (y  ) 


(11) 


again  noting  that  y « 1 for  times  of  interest.  The  term  quadratic  in  D follows 


similarly.  The  time  integrations  are,  using  Eq.  (10), 
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Therefore,  with  the  same  substitution  as  previously, 
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The  final  term  to  be  calculated  explicitly  in  this  treatment  will  be  the  cubic  term. 
The  time  integral  is,  using  Eq.  (12), 
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By  the  usual  technique  we  get 
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From  these  calculations  the  time  dependent  excited  sensitizer  population. 
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(16) 
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where  n = N /V.  The  final  step  relies  upon  the  fact  that  a /V  is  proportional 

cl  cl 

3 3 

to  (Rq  /Rv  ) <<  1.  It  should  be  noted  that  the  term  linear  in  D in  Eq.  (18)  of 

reference  1 has  a misprint,  showing  the  wrong  exponent  for  tt.  Also  note  that  for 

D ■ 0 the  standard  single  step  dipole-dipole  energy  transfer  rate  equation  results. 

Since  the  long-term  behavior  of  Eq.  (16)  is  rfot  evident  it  is  convenient  to 

reexpress  the  result  by  use  of  the  [l , 2 ] Pade  approximant.  The  three  coefficients 

2 3 

of  this  approximant  may  be  fit  to  the  coefficients  of  D,  D and  D , and  if  the 
expression  is  raised  to  the  appropriate  power  a physically  reasonable  time  depen- 
dence at  long  times  will  result.  Specifically,  we  expect  that  at  short  times  after 
excitation  both  diffusion  to  traps  and  single  step  transfer  from  randomly  positioned 
sensitizers  will  contribute  to  the  total  energy  transfer  rate,  resulting  in  a com- 
plicated time  dependence.  At  sufficiently  long  times,  however,  those  originally 
excited  sensitizers  near  enough  to  activators  to  have  significant  sensitizer 
to  activator  transfer  probability  will  have  been  depleted,  so  that  the  transfer 
rate  is  limited  by  diffusion  of  excitation  quanta,  excitons,  into  the  vicinity  of 
activators.  Thus  the  long  time  behavior  should  be  similar  to  that  of  the  simple 


1 


31 


.*  <*■ 


diffusion  model,  a purely  exponential  decay.  Noting  that  the  exponent  of  Eq.  (16) 

-1/3  2/3 

is  an  expansion  in  powers  of  x ■ Da  t , we  may  therefore  write 


».<«  - Vo>  . 


The  three  quarters  exponent  is  chosen  so  that  as  x grows  large  the  energy  transfer 

l Q / / 

contribution  to  the  decay  has  a time  dependence  controlled  by  t~  x which  is 
proportional  to  g,  as  desired. 

The  coefficients  a,  b and  c in  Eq.  (17)  are  determined  by  a Maclaurin  expan- 
sion of  the  Pade  approximant 

.1+ax+bx2. 3^4  3 (a-c)  3 ,(a-c)2  2 

> 1 + 4 x - 8 { 4 2b  ' 2c(a'c)  >* 


+ (-^(a-c)3  + [-|(a-c)  + 6c][c  (a-c)-b  1)j 


where  only  terms  up  to  x need  be  kept  to  determine  the  constants.  The  coefficients 
of  each  power  of  x may  be  equated  to  the  corresponding  coefficients  in  Eq.  (17). 
Solution  of  the  resulting  set  of  equations  gives  the  coefficients 


a - 10.87 


b - 15.51 


c - 8.745 


in  close  agreement  with  the  results  of  Yokota  and  Tanlmoto.  To  assure  agreement 
with  the  literature,  their  calculated  values  will  be  used  in  the  final  expression 


V‘> ; ^ Vv  .^^»-50>2»3/4] 


(22) 


, n -1/32/3 

where  x = Dot  t 


In  the  case  of  long  times  after  excitation,  or  equivalently  of  small  sensi- 
tizer to  activator  transfer  rate  coefficient  a,  it  has  been  seen  that  a diffusion- 
like exponential  decay  is  expected.  More  precisely,  for  x >>  1, 


N (t)  * N (0)exp[-  £ - ~ — n o1/2t1/2  (1. 773x) 3/4] 

8 8 T J cl 


■ N (0)exp[-  — - 4xn  (0. 908a1/,4D3/^4) t]. 
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comparison  with  the  standard  diffusion  theory  result  shows  that  we  have  simply 

1/4 

replaced  the  somewhat  arbitrary  trapping  radius  R by  the  quantity  0.908  (o/D) 

The  numerical  coefficient  in  this  transfer  rate  varies  somewhat,  depending 
upon  the  method  used  to  estimate  it.  Indeed,  the  number  most  widely  used  in  the 
literature  appears  to  be  0.676,  derived  by  a rather  difficult  scattering  length 
method  by  Yokota  and  Tanimoto.^  Therefore  the  long  time  transfer  rate  may  be 
written 


L 


W ■ 4it  n D (0.676  a1/4D~1/4) , 


the  result  to  be  used  in  this  work. 
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III. 2 Phonon  Assisted  Energy  Transfer 

The  resonant  energy  transfer  process  requires  that  transfer  take  place  only 
between  ions  for  which  the  sensitizer  deexcitation  transition  and  the  activator 
excitation  transition  are  of  equal  energy.  It  is  possible,  however,  for  energy 
transfer  to  occur  by  a process  involving  electron-nhonon  interaction  so  that 
emission  or  absorption  of  one  or  more  phonons  allows  energy  conservation  in  a trans- 
fer between  non-resonant  ions.  Several  types  of  "phonon  assisted"  energy  transfer 
processes  are  possible,  depending  upon  the  number  of  phonons  emitted  or  absorbed, 
the  energy  mismatch  between  the  ions  and  the  participation  of  other  excited  states 


of  either  ion  in  the  process.  Such  processes  may  involve  any  of  the  standard 
multipole  or  exchange  interactions  as  the  mechanism  for  ion-ion  interaction.  How- 
ever, it  is  possible  to  discuss  the  electron-phonon  interaction  and  its  impact  upon 
the  transfer  rate  without  assuming  a form  for  the  ion-ion  interaction. 

Recently  Orbach  and  coworkers  have  developed  theoretical  expressions  for  the 
energy  transfer  rate  to  be  expected  due  to  various  one  phonon  and  two  phonon  pro- 
cesses.^ The  one  phonon  rate  may  be  developed  as  follows.  The  relevant  energy 
levels  may  be  modeled  as  shown  in  Fig.  1,  where  AE  is  the  energy  mismatch  between 
the  sensitizer  and  activator  transitions.  If  an  asterisk  is  used  to  represent  an 


excited  state,  the  initial  and  final  states  including  sensitizer  and  activator 
electronic  states  and  the  occupation  number  of  the  phonon  mode  involved  in  the 

•f 

process,  with  wave  vector  k and  polarization  s,  may  be  written 

I i>  - !•***  nsl> 


The  transition  rate  is 


sa*,  n . > 
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where  the  upper  sign  holds  for  phonon  emission,  AE  > 0,  and  the  lower  for  phonon 
absorption.  The  transfer  matrix  element  is 


<f i h 1 1>  ♦ e <fl»  rr1- 

3 i j 
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where  H is  the  interaction  Hamiltonian  and  j and  i are  intermediate  states.  The 
first  term  in  (4)  is  applicable  to  no  phonon  transfer  processes,  the  second  term 
to  one  and  two  phonon  two-state  processes,  and  so  on.  The  interaction  Hamiltonian 
consists  of  the  multipole  or  other  interaction  by  which  the  energy  transfer  occurs, 
Ht>  and  the  electron-phonon  interaction,  Hv>  Thus  the  matrix  element  for  one-phonon 
assisted  energy  transfer  is 


M.  _ = E 

if  m~s,a 


<sa*,  nskil|Ht|s*a,nsX±l><s*afnsk±l|Hv(m) (s*a,nsk> 


E - (E  ± fiu)  . ) 
s s sk 


+ E 

m«s,a 


<sa* , nsk±l | Hy (in)  | sa* , ngk> <sa*nsJ{ | Hfc | s *a , n_k> 


E - E 
s a 


where  the  argument  of  H^Cm)  denotes  that  the  phonon  emission  or  absorption  may  occur 
at  the  sensitizer  or  activator  site.  If  we  regard  the  H^  matrix  elements  to  be  the 
same  regardless  of  n^k  then 

<sa*,nsk±|Ht|s*a,ngk±l>  - <sa*,n8k|Ht| s*a,ngk>  - J . (6) 

Also  the  electron-phonon  matrix  element  may  be  expressed  in  terms  of  the  strain 

2 

parameter  c in  the  standard  way.  In  a notation  compatible  with  Orbach, 
<t*m,ngk±l|Hv(l)|l*m,ngk>  - f (l)<n  ll|e(l) |ngk> 


<t*»#n>k±l|Hv(B) |l*m,ngk>  - g(m)<ngk±l|€(m) |ngk> 


where  £,m  * s,a  f(m)  is  the  electron-phonon  coupling  strength  in  the  excited  state 
of  ion  m and  g(m)  is  that  coupling  strength  in  the  ground  state  of  site  m.  Then 


■ +ik*r 

<nak±l | c (») | nsk>  - <nsk±l | e | ngk>e 


(8) 


■f  ^ ^ 

where  r is  the  position  of  ion  m and  e = e(r  = o).  If  r = r -r  and  if  the 
m as 

difference  f-g  is  equal  for  s and  a we  may  write,  noting  that 


■ AE, 


’if 


J<n8k±l|c|nsk>  { 


f (s)exp(+ik*r  ) + g (a)exp (+ik*r  ) 
s a 


- AE 


g(s)exp(+ik*r  ) + f (a)exp(+ik*r  ) 

+ 5_> 

AE 


<n  ±l  | e | n > +ik‘rar  +ik-r  ■< 

- J 8 (f-g)e  [e  r-l] 


Therefore, 


- AE 


W - jfjizali  z |<n  .±l|e|n  >|2 

sa  -ft  2 sk  sk  1 ' sk  1 

AE 


x |eik*r-l|2  6 (fiugk+AE) 


(9) 


(10) 


The  factor 


h(k,r> 


i.lk'r  - il2 


(id 


is  called  the  coherence  factor,  as  it  measures  the  degree  to  which  a phonon  mode 
causes  the  sensitizer  and  activator  to  move  in  or  out  of  phase,  and  plays  an  impor- 
tant role  in  determining  the  energy  transfer  rate. 
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The  energy  mismatch  between  the  ions  between  which  energy  transfer  is  to  be 


studied  in  this  work  is  relatively  small,  particularly  in  the  Nd  doped  garnets  where 


The  sum  over  phonon  modes  may  be  approximated  by  use  of  the  Debye  approximation 


£ - 


V 1 ,WD  2 

— r £ — r-  / du)  u < > 


sk  2n2  8 V 3 0 s s fi 


where  V is  the  crystal  volume,  the  Debye  frequency,  and  the  veolocity  of 
sound  in  the  crystal.  In  each  of  the  previous  two  equations  < represents  the 
average  over  all  angles.  Noting  that  the  strain  parameter  is  more  accurately 


Therefore,  Eq.  (10)  becomes 


2*  J2(f-q)2  v r * 

* AE2  2»2  * 8MV 


w w . 2 2 _ 

/ D du  <(•  . k.  ♦ • . k.)  >_ 

0 8 « 3 8l  j 8j  i 0 


AE  is  about  20  cm  whereas  the  phonon  density  of  states  extends  to  several  hundred 
wave  numbers.  In  such  a case  the  relevant  phonon  modes  tend  to  be  those  of  small 
wave  vector,  so  that  k*ic  <<  1,  that  is  the  phonon  wavelength  is  much  greater  than  r. 
Upon  averaging  the  coherence  factor  over  all  angles  we  then  have 


<h(k,r) >r 


expressed  = Ou^/Sr^  + Suj/Sr^) /2,  and  writing  the  polarization  vector  as 

(e  , e , e ), 
sx  sy  sz 

Cij  " sk  2(2Muib1c)  (bs,k  + bs,-k)  ^*sikj  + *sjV  * 


n(u>  )+l 
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^■6(0)  + AE/fi) 
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J2(f-q)2|AE|3r 
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n(  |AE|+1) 


n(  AEl ) 


where  p = M/V,  k = V u)  and 

s s 


v2  ■ 4 ' (%ik)  * Vi'S 


For  k T >>  | AE| , n+1  = n = k T/|ae|  so  that 


w . diw'MV.  v 

“ «.  p «6  • v 7 8 
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The  positive  exponent  of  the  AE  dependence  is  a consequence  of  the  density  of 

states  and  of  the  coherence  factor.  Their  combined  effect  is  to  make  W very 

sa 

small  as  AE  goes  to  zero,  so  that  one-phonon  assisted  energy  transfer  in  this 
case  is  very  weak. 

It  is  possible  in  the  small  energy  mismatch  case  that  two-phonon  assisted 
transfer  processes  may  be  much  more  important  than  the  one-phonon  process.  The 
disadvantage  of  a two-phonon  process  lies  in  its  second  order  dependence  on  the 
electron-phonon  coupling,  which  is  usually  small.  However,  a process  In  which 


one  high  energy  phonon  is  emitted  and  another  of  energy  different  by  AE  is 


39 


absorbed  gives  the  advantages  of  the  much  larger  density  of  states  and  coherence 


factor  associated  with  a high  energy  phonon  of  appropriate  frequency.  The  Orbach 

theory  considers  several  processes  by  which  such  transfer  may  take  place. ^ These 

are  too  numerous  and  lengthy  to  present  in  detail  here,  but  the  results  will  be 

listed.  The  first  case  involves  use  of  the  one-phonon-electron  coupling  Hamiltonian 

to  second  order,  with  the  result  for  k T >>  |ae| 

B 


where 


J (f-q) 

, 3 2,7 
2ir  p * 


(18) 


Z 

n 


o . x , . ,,  -x, 

(e  -1) (1-e  ) 


(19) 


which  enters  upon  use  of  the  Debye  approximation.  For  | AE | <<  kRT  << 

2a  3 

*CBTD,Wsa  is  rou8hly  proportional  to  T . A second  case  of  the  two-phonon  assisted 

transfer  is  found  by  treating  the  two-phonon-electron  coupling  Hamiltonian  to 

first  order.  The  resul-  here  for  k„T  >>  |ae|,  is 

B 


so  that  for  |AE|/k„  « T « T.  a T^  law  results.  It  should  be  noted  that  Eqs. 

( 18) — ( 20)  were  obtained  by  assuming  kr  > 1 so  that  the  coherence  factor  becomes 
much  larger  than  in  Eq.  (12)  and  only  weakly  dependent  on  kr.  Specifically  it  is 
assumed  that  h(k,r)  * 2.  If  it  should  be  that  kr  <<  1,  for  instance  at  such  low 
temperatures  that  only  low  energy  phonon  modes  are  populated,  these  expressions 
must  be  adjusted  accordingly. 


j2(f2'92>2  [,  %_ 

4,3pVae2  s V 5 

S 


Rather  different  processes  may  occur  if  another  excited  state  lies  suffi- 
ciently close  to  one  of  the  states  considered  so  that  the  energy  difference,  say 
6,  may  be  spanned  by  a lattice  phonon.  In  this  case  one  phonon  radiationless 
transitions  such  as  those  discussed  in  the  treatment  of  lifetime  broadening  may 
play  an  important  role  in  the  energy  transfer.  Additional  parameters  appear  in 
such  a case,  particularly  J2,  the  ion-ion  interaction  involving  the  new  excited 
state,  and  the  width  of  the  new  excited  state  resulting  from  lifetime  broaden- 
ing due  to  phonon  emission.  Two  general  types  of  processes  occur.  The  first  is  a 
resonant  process  in  which  the  phonon  absorption  and  emission  cause  changes  of 
electronic  state,  the  second  is  a nonresonant  process  as  were  those  listed  in  the 
preceding  paragraph  but  involving  the  second  excited  state.  Again  simply  stating 
the  results  of  Orbach,^  the  resonant  process  gives 


2c 

sa 


2 2 

, 2 1E  J,  1 + e 

u2  ♦ M 


AE/kT 
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2 2" 
ae  + er2 


AE 


lT  e'‘A»T 

ft  2 


(21) 


where  it  has  been  assumed  that  I AE I <<  6 and  V.  <<  k T <<  6 + AE.  In  the  case 

1 2 B — 

| AE | <<  kgT  this  is  very  similar  to  the  simple  model  in  which  spectral  overlap  of 
the  second  excited  states  of  the  two  ions  controls  the  energy  transfer  rate. 
Finally,  the  nonresonant  process  gives,  for  kgT  >>  |ae|. 


16r22  *6  kB7 

ifftA8  AE2 


(22) 


A wide  variety  of  dependence  upon  temperature  and  energy  mismatch  is  thus  seen 


to  be  possible  for  various  two-phonon-assisted  energy  transfer  processes. 


I 


I 
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IV.  HOST-SENSITIZED  ENERGY  TRANSFER  RESULTS 

IV. 1 Energy  Transfer  in  Rare  Earth-Doped  CaWO^  After  Red  Edge  Excitation 
A.  Introduction 

Calcium  tungstate  is  an  important  material  in  applications  as  a phosphor  and 
a laser  host  for  trivalent  rare  earth  ions.  However,  the  optical  properties  of 
this  material  are  still  not  completely  understood.  In  this  paper  we  address  our- 
selves to  the  question  of  the  Importance  of  tungstate  defect  sites  in  the  absorp- 
tion, emission,  and  host-sensitized  energy  transfer  processes  in  CaWO^  crystals. 

There  is  still  a question  as  to  whether  tungstate  ions  near  to  crystal  defects 
are  the  dominant  emitting  centers  in  calcium  tungstate  and  the  centers  responsible 
for  the  low  energy  absorption  band  of  this  material  [l— 6] . Also  tungstate  ions 
next  to  activator  impurities  have  been  suggested  as  exciton  traps  playing  an 
important  role  in  host-sensitized  energy  transfer  to  rare  earth  impurity  ions  [7,8]. 

Here  we  employ  time-resolved  spectroscopy  (TRS)  techniques  after  pulsed  laser 
excitation  into  the  long  wavelength  tail  of  the  host  absorption  edge  to  better 
characterize  the  effect  of  defects  on  these  processes.  The  results  indicate 
that  this  "red  edge"  excitation  does  selectively  excite  defect  tungstate  ions  next 
to  activator  impurity  ions  and  that  energy  transfer  takes  place  very  efficiently 
to  the  nearest  neighbor  activators.  These  results  are  quite  different  from  those 
obtained  by  higher  excitation  into  the  major  host  absorption  bands  [8].  In  this 
case,  at  low  temperatures  energy  transfer  was  found  to  be  consistent  with  a single 
step  process  from  randomly  distributed  self-trapped  excitons  to  randomly  distri- 
buted activators.  At  high  temperatures  the  host-sensitized  energy  transfer  was 
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found  to  be  consistent  with  a multistep  exclton  diffusion  process  where  the 
activators  act  as  exciton  traps.  However,  the  results  indicated  that  extended 
trapping  regions  exist  around  each  activator  and  the  results  obtained  in  the  present 
study  are  important  in  verifying  this  conclusion. 

B.  Experimental 

The  samples  investigated  were  good  optical  quality  single  crystals  of  CaWO^ 

3+  3+ 

containing  0.5%  SM  or  0.5%  Eu  impurity  ions  which  go  into  the  lattice  sub- 

2+ 

stitutionally  for  the  host  Ca  ions  and  are  charge  compensated  by  an  equal  concen- 
tration of  Na+  ions. 

Absorption  spectra  were  obtained  on  a Cary  14  spectrophotometer.  The  fluores- 
cence lifetimes  and  time-resolved  emission  spectra  were  obtained  by  exciting  the 

samples  with  an  Avco-Everett  20  KW  pulsed  nitrogen  laser.  This  emits  a 10  ns  pulse 
o 

at  3371  A.  The  sample  temperature  was  controlled  by  a cryogenic  refrigerator.  The 
fluorescence  was  analyzed  by  a one  meter  Spex  Czemy-Tumer  Monochromator  and 
detected  by  a cooled  RCA  C31034  photomultiplier  tube.  The  signal  was  processed  by 
a boxcar  averager  triggered  by  the  laser  pulse  and  having  a time  resolution  of  the 
order  of  75  ns. 

Fig.  1 shows  the  abosrption  spectrum  of  undoped  calcium  tungstate.  The  ab- 

o 

sorption  edge  occurs  at  about  3000  A and  excitation  spectra  indicate  the  existence 

of  several  overlapping  bands  at  higher  energies  [3].  These  are  due  to  transitions 
2- 

ln  WO^  molecular  ions  to  excited  states  split  by  the  crystal  field  of  symmetry. 
As  Indicated  in  the  figure,  the  nitrogen  laser  excites  the  crystal  in  the  long  wave- 
length tail  (red  edge)  of  the  abosrption  band. 

C.  Results 

Figs.  2 and  3 show  the  fluorescence  spectra  of  samarium-doped  calcium  tung- 
state and  europium-doped  calcium  tungstate,  respectively,  at  two  different  times 


t 
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(10  cm 


Figure  1.  Absorption  Spectrum  of  CaWO^  at  Room  Temperatur 
Crystal  Thickness  is  2.8  mm.  The  Arrow  Indi- 
cates the  Wavelength  of  the  Nitrogen  Laser 
Excitation  at  3371  A 


Figure  2.  Fluorescence  Spectra  of  CaWO^Sm  a 
Temperature,  0.8ps  and  2. Ops  After 
Excitation 


after  the  laser  pulse.  The  broad  band  with  a peak  near  4200  A is  the  Intrinsic  host 
emission  and  the  sharper  lines  at  long  wavelengths  are  due  to  transitions  of  the 
activator  ions.  The  relative  intensity  of  the  tungstate  fluorescence  decreases 
immediately  after  the  excitation  pulse  while  activator  fluorescence  initially 
increases.  This  is  due  to  energy  transfer  from  the  directly  excited  host  to  the 
impurity  ions. 

3+  4 

The  Sm  fluorescence  spectra  are  due  to  transitions  originating  in  the  F,.^ 

state  and  terminating  on  various  levels  of  the  multiplets.  All  of  these  transi- 
tions exhibit  the  same  time  dependence.  Fig.  4 shows  the  TRS  results  obtained  at 

3+ 

room  temperature  and  14  K.  The  integrated  fluorescence  intensity  of  the  Sm  transi- 
tion terminating  on  the  level  divided  by  the  integrated  tungstate  emission  is 

plotted  as  a function  of  time  after  the  laser  pulse.  For  both  temperatures  this 

ratio  increases  by  an  order  of  magnitude  in  less  than  2 us.  Fig.  5 shows  similar 

3+  5 5 

results  for  the  Eu  doped  sample.  In  this  case  emission  from  both  the  D_  and  D 

J 1 

levels  can  be  observed  and  are  monitored  separately.  The  increases  in  the  relative 
intensity  ratios  are  generally  not  as  great  as  they  are  for  the  samarium  activators. 
Tables  I-IV  list  the  TRS  data. 

Figs.  6 and  7 show  the  temperature  dependences  of  the  fluorescence  lifetimes 
of  the  observed  transitions.  These  data  are  listed  in  Table  V.  The  tungstate 
fluorescence  decay  time  in  the  undoped  sample  was  approximately  1.2  us  and  indepen- 
dent of  temperature  for  this  wavelength  of  excitation.  The  host  lifetime  is 

quenched  to  about  0.52  us  in  the  samarium-doped  sample  and  about  0.6  us  in  the 

3+ 

europium-doped  sample.  The  Sm  fluorescence  has  a decay  time  of  about  800  Us  at 

room  temperature  and  decreases  slightly  to  a little  more  than  700  us  at  low  tem- 
5 3+ 

perature.  The  Dq  Eu  fluorescence  lifetime  increases  from  338  us  at  room  tem- 
perature to  around  535  u3 'at  low  temperature  whereas  the  lifetime  Increases 
from  about  1.3  us  to  2^0  K to  slightly  over  4 us  at  14  K. 
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TIME-RESOLVED  SPECTROSCOPY  RESULTS  FOR  CaWO,:Sm'  AT  14K 


Cl  00 


0) 

u 

c 

o> 

U 40 
tO  4-> 
<D  -r- 

c 

O 3 


Li.  .0 
L- 
>>  TO 


S-  C 

3 

CL 

E • 

>, 


TD  •*- 

<L>  CO 

4->  C 
TO  O) 


C7>  C 

d)  »— j 


4) 

U ^ 
C co 
4)  4-> 

U -r- 

40  C 
0J  3 
L. 

O • 

^■e 

to 


■o  >> 

o>  4-> 


TO  40 

t c 
a>  a; 

01  4J 


c »-• 


01  40 
•M  3. 


c 

01 
g 40 


•—  Q. 


CVJ 

CM  O CVJ 

ro  ro  r— 

o r—  ro  CT» 


c 

c 


o 


co 


CVJ  CO  C CVJ 
O r-  a%  CVJ  UD 

c o to-  co  cr> 


— 

in 

CO 

40 

in 

4-> 

a* 

r>* 

O 

in 

40  00 

o 

in 

o> 

O •— » 

□c 

•» 

vo 

to- 

o 

r>. 

in 


CVJ 

d 


uo 

d 


co  CVJ  40 

• • • 

Or-.— 


51 


TIME-RESOLVED  SPECTROSCOPY  RESULTS  FOR  CaWO, :Eu  AT  296K 


o «s;|  cr> 


TEMPERATURE  (K) 


Figure  6.  Temperature  Dependence  of  the  Fluorescence 

Lifetimes  of  the  Undoped  CaWO^  and  CaWO^Sm-** 
Host  Fluorescence  (Below)  and  the  CaWO^Sm^ 
^f5/2  to  ^h9/2  Transition  (Above) 
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CaWO.  :Eu3*  (05%) 


CaW04  E»T 

HOST  FLUORESCENCE 


TEMPERATURE  (K) 


Figure  7 


Temperature  Dependence  of  the  Fluorescence 
Lifetimes  of  the  Host  Fluorescence  and 
to  ?Fj  Transition  in  CaW04:Eu^+ 
(Below)  and  the  5dq  to  ?Fj  Transition 
(Above) 


TABLE  V 


Temperatures  above  68K  are  + 5K 
Average  value 


D.  Discussion 


The  fluorescence  spectra  of  samarium-doped  and  undoped  calcium  tungstate 
o 

excited  at  3371  A are  essentially  the  same  as  observed  for  higher  energy  excita- 
tion into  the  major  absorption  bands  [7,8].  However,  the  fluorescence  lifetimes 
for  the  tungstate  emission  of  both  these  samples  are  significantly  shorter  for  the 
red  edge  excitation  than  for  band  excitation  and  they  do  not  exhibit  a sharp 
increase  at  low  temperature  as  with  band  excitation.  The  increase  in  lifetime  at 
low  temperatures  was  previously  interpreted  as  being  due  to  the  self-trapping  of 
tungstate  excitons  which  inhibits  their  migration  to  quenching  centers.  The  lack 
of  temperature  dependence  of  the  data  reported  here  indicates  that  this  process  is 
not  taking  place  for  thenitrogen  laser  excitation.  This  is  substantiated  by  the 
TRS  results  discussed  below. 

Fig.  8 shows  the  model  proposed  for  explaining  the  TRS  data  obtained  on 

CaWO^:Sm  .n^  represents  the  concentration  of  excited  tungstate  molecular  ions; 

W is  the  excitation  pulse  and  6^  is  the  tungstate  fluorescence  decay  rate;  n^ 

represents  the  concentration  of  excited  activator  ions;  8.  represents  their  fluo- 

A 

rescence  decay  rate;  and  w is  the  energy  transfer  rate  from  tungstate  to  activator 
ions.  The  rate  equations  for  the  excited  state  populations  are 


dnx/dt  " W “ (6x+w)V 

(i) 

dn4/dt  ■am  -8 

A X A 

(2) 

Assuming  a delta  function  excitation  and  a time  independent  energy  transfer  rate, 
these  equations  can  be  solved  to  give  the  time  dependence  of  the  ratios  of  the 
fluorescence  intensities 

W Vnx  " “t(ex  + u)  " eA]~1£exp{(ex  + “ • 0A)t}  " (3) 
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The  solid  lines  in  Fig.  4 represent  the  best  fit  to  the  data  obtained  from  Eq. 

(3)  by  treating  co  as  an  adjustable  parameter. 

3+ 

Fig.  9 shows  the  model  used  to  interpret  the  TRS  data  on  the  Eu  doped 
sample.  The  same  designations  used  in  the  previous  model  hold  here  with  the  excep- 
tion of  thw  two  activator  levels  designated  n^  and  n^  with  corresponding  fluores- 
cence decay  rates  B^  and  B^.  The  thermal  processes  between  these  two  levels  are 
designated  and  y2*  The  rate  equations  for  this  model  are 


dn  /dt  « W - (B  + co)n  , 
X X X 


dnA/dt  = y2n°A  - ^ + B^n*  + “V 
dnA/dt  = YlnA  “ (y2  + 6A)nA  * 


(A) 

(5) 

(6) 


Their  solution  can  again  be  found  assuming  delta  function  excitation  and  a constant 
energy  transfer  rate* 


to/t  0. 
VW"*  ’ 


(Bx  + u + P1)t 


(Bx  + a)  + P1)(BX  + a)  + P2)  (6x  + u + P1)(P1  - P2) 


(6x  + u + P2)t 
<x*+  +P2)<P1“P2) 


(7) 


I * /I  *n!/n  * co 

A s A x 


-Bx  - m -P  y2  Ba 


(Bx  + a.  + P1)(Bx  + u P2) 


0 (B  + co  + P.)t 
(Bx  + a)  + ?!>(?!  - ?2) 


0 <6  + u,  + P )t 

(P2  + Y2  + eA)e 

(Cx  + co  + P2)(P1  - P2) 
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(8) 


I 


where 


VP2 


1 ^2  + BA»  + <T1  + 6i>]  ± 2<[<lr2  + 6A>  - <*1  + 6i>]2 


+ 4YlY2> 


1/2 


The  solid  lines  in  Fig.  7 represent  the  best  fit  to  the  data  obtained  by  treating 
to  and  y as  adjustable  parameters  and  y ^ = Y2exP(“4E^g/kT) . 

Table  VI  summarizes  the  parameters  obtained  from  fitting  the  TRS  data.  The 

3*4" 

value  of  y^  is  consistent  with  the  thermal  relaxation  rate  for  Eu  measured  by 
other  methods  [9].  The  energy  transfer  rates  are  consistent  with  those  predicted 
from  the  quenching  of  the  host  fluorescence  lifetime  and  are  significantly  greater 
than  those  obtained  from  excitation  into  the  major  absorption  bands  [8].  The  fact 
that  the  data  are  consistent  with  a time  independent  energy  transfer  rate  implies 
that  each  excited  tungstate  ion  is  surrounded  by  a similar  activator  environment. 
This,  coupled  with  the  higher  transfer  rate,  suggests  that  energy  is  being  trans- 
ferred to  activators  which  are  nearest  neighbors  to  excited  tungstate  ions.  Thus 
excitation  into  the  low  energy  tail  of  the  absorption  band  appears  to  selectively 
excite  tungstate  ions  next  to  activator  impurities. 

Both  the  lifetime  quenching  and  TRS  results  indicate  that  the  energy  transfer 
rate  is  independent  of  temperature.  The  differences  in  the  room  temperature  and 
low  temperature  TRS  results  shown  in  Figs.  4 and  5 are  due  to  differences  in  con- 
stant factors  now  shown  explicitly  in  Eqs.  (3),  (7),  and  (8).  For  example  the 

3+  5 

multiplicative  proportionality  constants  for  the  cases  of  Sm  and  the  europium 
emission  decrease  by  a factor  of  about  five  on  going  from  low  temperature  to  room 
temperature.  No  change  in  this  facotr  is  needed  in  fitting  the  "*Dq  europium  data. 
This  factor  includes  the  ratio  of  quantum  efficiencies  of  the  activator  and  perturbed 
host  states  and  the  variation  with  temperature  most  probably  indicates  a change  in 
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TABLE  VI 


ENERGY  TRANSFER  AND  RELAXATION  PARAMETERS 


Parameter 

CaW04:Sm3+ 

CaW04:Eu3+ 

u(TRS) 

1.1  x 106/sec 

7.5  x 105/sec 

Ro(EDD) 

o 

O 

experimental 

3.8  A 

3.6  A 

predicted 

4.0  A 

16.2  A 

R'(exch) 

O 

O 

experimental 

3.8  A 

3.6  A 

Spectral  Overlap 

3.35  x 10~2  t/mole-cm 

1.35  x 102  t/mole-cm 

Y1 

-- 

1.1  x 105/sec 
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3+ 

this  ration.  In  addition,  in  order  to  fit  the  Gu  data  it  was  necessary  to  Include 
an  additive  constant  which  has  the  same  value  for  both  the  ^Dg  and  data  and 
decreases  by  a factor  of  three  in  going  from  low  temperature  to  room  temperature. 

This  can  be  attributed  to  the  increased  importance  of  back  transfer  from  activator 
to  host  or  to  direct  pumping  of  the  activator. 

The  two  most  likely  mechanisms  for  the  energy  transfer  are  electric  dipole- 
dipole  (EDD)  and  exchange  interaction.  The  rate  of  energy  transfer  for  the  former 
mechanism  is  given  by 

o>(EDD)  = (t°)_1  (Rq/R)6,  (9) 

where  R is  the  distance  over  which  energy  is  transferred  and  Rg  is  the  critical 

interaction  distance.  Using  this  expression,  the  data  obtained  here  implies  a 

o 3+  o 3+ 

value  for  Rg  of  3.9  A Sm  activators  for  EDD  interaction  and  3.6  A for  Eu 

The  critical  energy  transfer  distance  can  be  predicted  theoretically  from  the 

3f  o 

spectral  overlap  integral.  For  Sm  it  was  found  to  be  about  4 A which  is  close 

3+  ° 

to  the  observed  value.  For  Eu  the  predicted  value  of  Rg  is  16.2  A,  which  is 
much  greater  than  the  observed  value. 

The  simplest  expression  for  the  energy  transfer  rate  for  exchange  interaction 
is 

w(ex)  - (t®)-1  exp[(2Rg/L) (1  - R/Rg)],  (10) 


where  L is  an  effective  Bohr  radius  and  R is  the  critical  interaction  distance 

0 

given  by 


R'  - i Lln[(2irT°/h)K2n], 

U L S 


(ID 


where  0 is  the  spectral  overlap  integral  and  K is  a parameter  which  depends  on  the 
wave  function  overlap.  Using  the  experimentally  observed  values  for  the  energy 
transfer  rate  in  Eq.  (10)  yields  values  for  Rg  of  3.8  A for  Sm^+  and  Eu^"*"  activators 
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I ( 


respectively.  Here  L is  taken  to  be  0.9  A which  is  half  the  W-0  separation.  It 

is  not  possible  to  obtain  an  accurate  estimate  for  R ' since  the  wave  function 

overlap  is  not  known.  However,  these  values  of  R'  are  physically  reasonable 

More  complicated  theories  of  exchange  require  the  use  of  explicit  expree* i . ■«. 

for  the  atomic  wave  functions.  They  predict  that  the  interaction  strength  falls 

off  less  rapidly  than  exponentially  and  is  extremely  anisotropic.  The  high  W-o 

activator  angle  for  this  case  is  favorable  for  superexchange. 

The  fact  that  the  theoretically  predicted  value  of  R^  for  the  europlum-doped 

u 

sample  is  much  greater  than  the  observed  value  may  be  due  to  the  fact  that  Eu 
ions  are  tending  to  form  clusters  instead  of  being  uniformly  distributed.  Thus 
an  excited  tungstate  ion  might  transfer  its  energy  to  one  activator  in  a neighbor- 
ing cluster  while  the  rest  of  the  activators  in  the  cluster  would  not  take  part  In 
any  transfer  process.  It  is  difficult  to  unambiguously  ascertain  the  mechanism  for 
energy  transfer  in  this  case  with  the  available  data.  However  from  the  similarity 
of  samarium  and  europium  as  activators,  EDD  and  exchange  compete  about  equally  In 
the  energy  transfer  process  to  both  ions. 

The  TRS  results  reported  here  for  red-edge  excitation  into  the  CaWO^  host 
absorption  bands  indicate  that  this  type  of  excitation  selectively  excites  tungstate 

molecular  ions  located  next  to  activator  impurity  ions,  and  that  energy  transfer 

3+ 

occurs  very  efficiently  to  the  nearest-neighbor  activators.  Transfer  to  Sm  and 
3+ 

Eu  activators  may  take  place  by  either  EDD  or  exchange  interaction.  It  appears 
that  the  europium  ions  in  our  sample  may  be  grouped  in  clusters  instead  of  distri- 
buted randomly.  This  last  point  will  be  investigated  by  dye  laser  spectroscopy  and 
the  results  reported  at  a later  date. 

3+ 

These  results  substantiate  the  model  for  energy  transfer  in  CaWO^sSm  pro- 
posed previously  which  postulated  the  existence  of  activator-induced  host  traps 
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surrounding  each  samarium  impurity  ion  [8].  These  were  suggested  to  be  tungstate 
molecular  ions  whose  energy  levels  were  perturbed  due  to  the  presence  of  the  acti- 
vator impurity.  The  perturbed  levels  acted  as  traps  for  migrating  host  excitons. 

In  this  case  we  directly  excite  into  the  traps  and  thus  no  migration  of  energy 
occurs  in  the  host.  Comparison  of  these  results  with  those  obtained  previously 
for  higher  energy  excitation  indicate  that  the  type  of  absorption  center  excited 
and  the  type  of  host-sensitized  energy  transfer  taking  place  in  rare  earth  activated 
calcium  tungstate  depends  critically  on  the  wavelength  of  excitation. 
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IV. 2 Laser  Time-Resolved  Spectroscopy:  Investigations 

3+  3+ 

of  Energy  Transfer  in  Eu  and  Er  Doped  YVO^ 

A.  Introduction 

Yttrium  vanadate  crystals  doped  with  trlvalent  rare  earth  ions  are  representa- 
tive of  an  important  class  of  laser  and  phosphor  materials  in  which  the  excitation 
energy  is  absorbed  mainly  in  the  host  material  and  then  transferred  to  the  activator 
ions.  The  most  critical  physical  process  Involved  in  the  practical  application  of 

these  materials  is  the  host-sensitized  energy  transfer.  However,  this  process  has 
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not  been  characterized  in  detail  for  most  of  these  materials  and  in  general  is  not 

well  understood.  This  paper  describes  the  results  of  an  investigation  of  energy 

3+  3+ 

transfer  in  the  systems  YVO^:Eu  and  YVO^:Er  . 

We  recently  reported  an  investigation  of  the  optical  properties  of  europium 
doped  yttrium  vanadate  in  which  energy  transfer  was  characterized  through  the  con- 
centration and  temperature  dependences  of  the  fluorescence  intensities  and  life- 
times [l],  A simple  model  was  proposed  to  explain  the  results  which  assumed  that 
at  very  low  temperatures  energy  transfer  takes  place  as  a single  step  process  from 
self-trapped  excltons  to  activator  ions,  whereas  at  high  temperatures  the  excitons 
become  thermally  activated  and  migrate  through  the  lattice  to  activators.  The 
simple  model  used  in  interpreting  the  data  could  not  explain  all  of  the  results 
and  it  was  suggested  that  activator- induced  host  traps  were  present  and  played  an 
important  role  in  the  total  transfer  process.  In  this  present  work  we  describe 
the  use  of  laser  time-resolved  spectroscopy  (TRS)  techniques  to  characterize  host- 
sensitized  energy  transfer.  Work  was  done  on  both  europium  and  erbium  doped  samples 
for  the  purpose  of  verifying  and  further  developing  the  model  proposed  previously, 
especially  in  terms  of  characterizing  the  trapping  process  at  an  activator  site. 

It  is  found  that  the  time  dependent  data  obtained  by  this  method  are  more  sensitive 
to  the  model  used  for  interpretation  thatn  are  the  concentration  and  temperature 
quenching  data.  The  results  are  found  to  be  consistent  with  the  general  concepts 
of  single  step  transfer  at  low  temperatures  and  thermally  activated  exciton  migration 
at  high  temperatures.  However,  to  fit  the  TRS  data  it  is  necessary  to  Include  both 
activator-induced  host  traps  and  some  radiationless  transitions  in  the  models.  The 
parameters  for  exciton  migration  are  found  to  be  essentially  independent  of  the 

3+ 

type  of  activator  ion  whereas  the  trapping  characteristics  are  different  for  Eu 
i and  Er^*\ 
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The  samples  of  yttrium  vanadate  were  obtained  from  Raytheon,  Inc.  These 

19  -3 

Include  an  undoped  sample,  one  containing  about  1.27  x 10  cm  europium,  and 

20  -3 

one  with  about  1.27  x 10  cm  erbium.  The  experimental  apparatus  used  to  ob- 
tain the  absorption,  fluorescence  and  excitation  spectra  was  described  previously 
[l].  The  fluorescence  lifetimes  and  time-resolved  spectra  were  obtained  by 

exciting  the  samples  with  an  Avco-Everett  20  kW  pulsed  nitrogen  laser  which  produces 

o o 

a pulse  having  a duration  of  about  5 ns  and  a half-width  of  about  4 A at  3371  A. 

The  signal  was  processed  by  a PAR  162/164  boxcar  averager  triggered  by  the  laser 
pulse.  This  was  either  set  to  observe  the  fluorescence  spectra  at  a specific  time 
after  the  laser  pulse  or  used  to  scan  the  fluorescence  at  a specific  wavelength 
as  a function  of  time  after  the  laser  pulse.  The  time  resolution  was  of  the  order 
of  80  ns. 

B.  Results  and  Interpretation  of  Undoped  YVO^  Data 

The  details  of  the  optical  spectra  of  pure  yttrium  vanadata  were  reported 
previously  [l].  The  structure  in  the  excitation  spectrum  was  attributed  to  transi- 

3_ 

tions  between  levels  of  the  tetrahedral  VO  molacular  ion  in  a crystal  field  site 
of  D2J  symmetry.  The  absorption  is  accompanied  by  a ligand-metal  charge  trans- 
fer. Fluorescence  takes  place  from  the  lowest  level  of  the  excited  state  manifold 
after  radiationless  relaxation  from  higher  excited  states  and  lattice  relaxation 
in  the  lowest  level.  This  results  in  a significant  Stokes  shift. 

Fig.  1 shows  the  temperature  dependence  of  the  fluorescence  decay  time  under 
laser  excitation.  The  value  of  15  ps  measured  at  room  temperature  is  similar  to 
that  found  from  broad  band  excitation  as  is  the  general  increase  in  decay  time  as 
temperature  is  lowered.  However,  the  value  of  495  ps  measured  at  12  K is  signifi- 
cantly greater  than  the  value  found  from  broadband  excitation.  Also,  under  laser 
excitation  a rise  time  is  observed  in  the  pulsed  fluorescence  profiles  which  has 
a distinct  temperature  dependence  as  shown  in  Fig.  1.  This  was  not  observed  with 
broadband  excitation. 
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RISE  TIME  (fi s) 


The  laser-excited  lifetime  results  can  be  explained  by  assuming  that  fluores- 
cence occurs  from  the  relaxed  excited  state  with  the  relaxation  rate  from  the 
terminal  state  of  the  absorption  transition  designated  as  o>  and  the  intrinsic  fluo- 

I 

rescence  decay  time  of  the  level  indicated  by  tt.  If  the  temperature  dependence 
of  the  observed  decay  time  is  due  to  thermally  excited  energy  migration  to 
radiationless  quenching  sites,  this  can  be  expressed  theoretically  as 

(t®)  1 = t^,1  + k exp(-AE/k^T) , (1) 

where  AE  is  the  activation  energy  for  migration  and  k is  the  energy  migration 
rate.  In  the  same  model  the  fluorescence  rise  time  is  given  by 

Tm  " 1 _1]ln(wT°).  (2) 

The  solid  line  in  Fig.  1 represents  the  best  fit  to  the  lifetime  data  using  Eq.  (1). 
The  activation  energy  for  migration  obtained  from  this  fitting  is  625.5  cm  \ the 
migration  rate  is  5.0  x 10~*  s \ and  the  intrinsic  decay  time  of  the  fluorescence 
state  is  490  ps.  The  temperature  dependence  of  the  fluorescence  rise  time  can  be 
correctly  predicted  by  Eq.  (2)  and  the  value  of  u at  low  temperatures  is  found  to 
be  1.2  x 10^  s These  parameters  are  summarized  in  Table  I. 

Near  room  temperature  the  observed  decay  time  decreases  somewhat  faster  than 
predicted  by  this  simple  model.  This  can  be  attributed  to  the  onset  of  other 
radlatlon-less  decay  processes  which  have  been  reported  previously  in  this  region 
[l].  The  model  used  to  interpret  the  laser-excited  data  is  somewhat  simpler  than 
the  model  used  in  ref.  [l]  for  broadband  excitation.  The  quantitative  differences 
in  the  life-time  data  for  the  two  types  of  excitation  may  be  due  to  the  selective 
nature  of  the  laser  absorption.  Broadband  sources  will  excite  several  of  the 
vanadate  excited  states  whereas  the  nitrogen  laser  causes  absorption  transitions 
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TABLE  I 


MODEL  FITTING  PARAMETERS 


PARAMETER 

SAMPLE 

Undoped 

Eu3+ 

c 3+ 

Er 

(1.27xl019cm-3) 

(1.27xl020cm'3) 

Rod(13K)(A) 

4 

2 

Msec’1) 

5.0xl05 

l.OxlO4 

2.2xl05;  2.0xl05* 

(^(sec-1) 

1.2xl05 

WSA(sec_1) 

2.0xl04 

2.0xl07 

W10(sec_1) 

l.lxl O5 

Wx(sec-1 ) 

3.0xl07 

* The  larger  value 

is  k;  the 

smaller  value  is  k'. 
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directly  to  the  lowest  excited  crystal  field  state  of  the  molecular  ion.  If  the 
broad  fluorescence  band  is  composed  of  the  superposition  of  emission  transitions 
of  the  same  energies  from  several  excited  states  with  different  Stokes  shifts,  then 
the  broadband  excitation  would  be  expected  to  lead  to  a shorter  lifetime  and  no 
observed  rise  time  since  the  transitions  from  some  of  the  higher  excited  states 

3- 

are  allowed  in  the  VO^  molecular  ion  whereas  the  transition  from  the  lowest  level 

selectively  excited  by  the  nitrogen  laser  is  forbidden  in  the  molecular  ion  and 

becomes  allowed  only  through  the  effects  of  the  crystal  field. 

3+ 

C.  Results  and  Interpretation  of  YVO^:Eu  Data 

The  laser-excited  fluorescence  spectra  of  europium  doped  yttrium  vanadate  is 

similar  to  that  observed  with  broadband  excitation  except  that  a high  temperatures 

5 3+ 

emission  lines  from  the  metastable  state  of  Eu  can  be  observed.  The  fluores- 
cence lifetimes  are  shown  as  a function  of  temperature  in  Fig.  2.  The  rise  times 
of  the  three  transitions  have  similar  temperature  dependences  to  the  decay  times. 
These  are  listed  in  Table  II.  The  host  vanadate  fluorescence  rise  time  decreases 
from  26  us  at  16  K to  less  than  1 us  at  room  temperature.  In  the  same  temperature 
range,  the  europium  fluorescence  rise  time  decreases  around  100  us  to  36  us 
with  a distinct  peak  of  about  300  us  near  115  K.  Similarly  the  fluorescence 
rise  time  decreases  as  temperature  is  raised  from  about  12  to  6 us  with  a peak  of 


about  14  us  near  150  K.  The  complicated  temperature  dependences  of  the  Dq  and 
lifetimes  can  be  attributed  to  the  effects  of  energy  transfer  from  the  host. 
The  quenching  of  the  host  lifetime  in  the  doped  sample  due  to  energy  transfer  is 


consistent  with  broadband  excitation  results. 

The  TRS  results  obtained  at  very  low  temperature  and  at  room  temperature  are 
shown  in  Fig.  3,  where  the  Integrated  fluorescence  Intensity  of  the  europium  emis- 
sion divided  by  that  of  the  host  emission  is  plotted  as  a function  of  time  after 

the  laser  pulse.  At  room  temperature  separate  plots  are  made  for  transition  orl- 

35  3+ 

glnatlng  on  the  and  the  levels  of  Eu  . At  low  temperatures  only  the 
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Figure  2.  Temperature  Dependences  of  the  Fluorescence 
Decay  Times  in  YVO^EuS+j  Euo  and  Eui 
Indicate  Emission  from  the  ^Dq  and  ^Dj 
States,  Respectively 
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Figure  3.  Laser  TRS  Results  for  YVO^iEu  Crystals  with  1.27x10  cm 
Eu^+;  See  Text  for  Explanation  of  Theoretical  Lines 


former  can  be  observed  with  any  degree  of  accuracy.  The  data  are  listed  in 


Table  III.  These  results  can  be  explained  by  a model  in  which  the  excited  states 
of  the  host  vanadate  molecular  ions  are  treated  as  localized  excitons  which  are 
self-trapped  due  to  lattice  relaxation  at  low  temperature  and  undergo  thermally 
activated  hopping  migration  at  high  temperature.  The  activator  impurity  ions 
distort  the  surrounding  vanadate  ions  creating  activator-induced  host  traps  which 
can  trap  the  excitons.  The  trapped  excitons  then  transfer  their  energy  to  the 


nearby  activators.  The  energy  levels  and  transition  rates  are  shown  schematically 
in  Fig.  4.  W is  the  rate  of  creation  of  host  excitons,  n^  is  the  concentration 
of  excitons  and  8 is  their  fluorescence  decay  rate,  k represents  the  rate  of 
exciton  migration  and  trapping  at  activator-induced  host  traps,  n is  the  con- 

An 

centration  of  excited  traps  and  is  the  energy  transfer  rate  from  trap  to 
nearest  neighbor  activator.  It  is  assumed  that  transfer  occurs  preferentially 
to  the  state  which  has  a concentration  n^  and  can  decay  to  the  ground  state 
with  a rate  8^  or  to  the  ^Dg  state  with  a rate  W^g.  The  latter  state  has  a popula- 
tion of  n^  and  a fluorescence  decay  rate  Cq.  The  rate  equations  for  the  excited 


state  populations  are 


dnH/dt  - W - 6H  - knH> 


dnXA/dt  “ knH  ' WSAnXA’ 


dnl/dt  “ WXAnXA  ' (W10  + 6l)ni’ 


dno/dt  ’ W10nl  " 6oV 


These  can  be  solved  assuming  a delta  function  excitation  pulse  to  obtain  the 
required  fluorescence  intensity  ratios, 
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TABLE  III 


FLUORESCENCE  INTENSITY  RATIOS  AT  DIFFERENT  TIMES 
AFTER  THE  LASER  PULSE 


_____ 

Time  After  Pulse*  *0/1^  *1/IH  ^0  ' *1/Iq 


-("SA  ' 'H1)' 


T1  . !£  “sA  | 1 , 1 

H u -1  S -1  -1  -1 

H wsa‘th  ti  ' th  wsa'ti 


WSA  ' TH1  ■<tI1  - TH1)C 

^~=1 IT IT"  e 

<T1  -“SA><’1  -V 


io  [V  M10"sa1[  1 - e'<T°1  ~ TH1)r 

I„  B„  u -1  1(  -1  -lx,  -1  -lx 

H L SA  " ThJ  LTl  " TH  )(T°  " TH 
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where  the  prime  indicates  radiative  decay  rates  and  the  lifetimes  which  can  be 
measured  have  been  used  in  place  of  the  appropriate  combinations  of  decay  rates.  The 
solid  lines  in  Fig.  3 represent  the  best  fit  to  the  room  temperature  data  using 
Eqs.  (7)  and  (8)  with  and  the  factors  in  square  brackets  treated  as  adjustable 
parameters.  If  the  constant  lifetimes  which  are  approached  at  low  temperatures  are 
taken  as  good  approximations  to  the  radiative  decay  times,  k and  can  also  be 
determined.  These  parameters  are  summarized  in  Table  I. 

At  low  temperatures  the  model  can  be  simplified  greatly  since  no  exciton 
migration  is  present  and  a-1  fluorescence  occurs  from  the  level.  Thus,  the 
host  excited  states  are  self-trapped  excitons  which  can  fluoresce  or  transfer  their 
energy  in  a single  step  process  to  the  nearest  activator  which  can  effectively  be 
treated  as  having  only  one  excited  state.  If  the  transfer  occurs  through  electric 
dipole-dipole  interaction,  the  equation  derived  to  describe  the  TRS  data  is 
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IQ(t)  eoJ“^t^0H  + 


IH(t)  6h][6h  ♦ u>(t)  - 8j2 


-[8.  - Bh  ~ u(t)]t 
> {e  A H -1> 


with 


.ct)  - ^3/ VcA(TH°t) 


-1/2 


(10) 


where  is  the  critical  interaction  distance,  CA  is  the  concentration  of  Eu  , and 
0 

is  the  host  fluorescence  decay  time  in  the  undoped  sample.  The  solid  line  in 
Fig.  3 represents  the  best  fit  to  the  low  temperature  data  using  Eq.  (9)  and  treat- 
ing Rq  as  an  adjustable  parameter.  The  quantitative  results  are  listed  tin  Table  I. 

The  predictions  of  the  model  assumed  here  give  an  excellent  fit  to  the  data 
involving  the  europium  emission  at  both  high  and  low  temperatures.  The  fit  to 
the  TRS  data  is  not  as  good.  This  may  be  due  either  to  the  poorer  accuracy  of 
these  data  or  to  the  fact  that  the  physical  situation  is  more  complicated  than  that 
considered  in  the  model.  The  high  temperature  exclton  transfer  rate  and  trap  to 
activator  transfer  rate  and  the  low  temperature  value  of  R^  reported  in  Table  I are 

all  consistent  with  the  values  found  from  intensity  and  lifetime  quenching  invest!- 

3+ 

gations  [l].  The  radiationless  relaxation  rate  between  the  excited  states  of  Eu 
is  consistent  with  that  reported  from  other  investigations  [2].  Also  the  compli- 
cated temperature  dependence  of  the  fluorescence  decay  time  can  be  explained 
by  this  model  which  describes  the  emission  as  the  sum  of  three  exponentials,  one 
having  the  decay  time  of  the  host  which  dominates  at  high  temperatures,  and  one 

having  the  intrinsic  decay  time  of  the  level  which  dominates  at  low  temperatures. 

3+ 

D.  Results  and  Interpretation  of  YVO^tEr  Data 

The  absorption  spectrum  of  erbium  doped  yttrium  vanadate  is  shown  in  Fig.  5 
and  the  fluorescence  spectra  are  shown  in  Fig.  6.  The  sharp  line  spectra  are 
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Taken  at  Room  Temperature 


WAVE  NUMBER  V (10  cm'*) 


S1IND  AUVdllBdV 


82 


400  500  600  7 00  800 

WAVE  LENGTH  A (nm) 


i 


3+ 

similar  to  those  observed  for  Er  in  other  hosts  [3].  Again  fluorescence  from  two 
metastable  states  can  be  observed  at  room  temperature  while  only  transitions  originat- 
ing from  the  lowest  excited  state  remain.  It  is  well  known  that  trivalent  erbium 
also  has  numerous  efficient  emission  lines  in  the  near  infrared  region  of  the  spec- 
trum not  investigated  here  [3]. 

Fig.  7 shows  the  fluorescence  lifetimes  obtained  at  different  temperatures. 

These  are  listed  in  Table  IV.  The  observed  fluorescence  rise  times  in  this  case 

are  all  less  than  1 ps,  and  difficult  to  measure  with  any  degree  of  accuracy.  The 

erbium  lifetimes  decrease  slightly  due  to  radiationless  transitions  as  temperature 

is  raised.  The  temperature  dependent  of  the  vanadate  fluorescence  lifetime  is 

similar  to  that  seen  in  the  europium  doped  sample.  Fig.  8 shows  the  temperature 

dependences  of  the  integrated  fluorescence  intensity  and  lifetime  ratios  which  are 

directly  related  to  the  rate  of  energy  transfer.  These  are  listed  in  Table  V. 

They  both  decrease  slightly  as  temperature  is  raised  from  13  K to  about  65  K which 

can  be  attributed  to  the  thermal  activation  of  self-trapped  excitons  which  decreases 

the  amount  of  single  step  energy  transfer.  Above  about  150  K both  curves  exhibit 

a sharp  exponential  increase  with  temperature  as  the  excitons  become  mobile  enough 

to  migrate  to  activators.  The  solid  lines  represent  the  best  fit  to  the  data  which 

is  obtained  with  an  activation  energy  of  about  1000  cm  This  is  qualitatively 

consistent  with  the  results  obtained  on  the  europium  doped  sample.  The  difference 

in  magnitudes  for  the  intensity  and  lifetime  data  can  be  attributed  to  the  differences 

3+ 

in  quantum  efficiencies  of  the  Er  and  host  emissions. 

Results  of  TRS  investigations  are  shown  in  Fig.  9 and  listed  in  Table  VI  for 
both  room  temperature  and  13  K.  The  model  used  to  interpret  these  data  is  shown 
in  Fig.  10.  The  rate  parameters  and  excited  state  populations  are  similar  to 
those  in  Fig.  4.  In  this  model  back  transfer  from  traps  to  the  host  band  is 
included  as  is  direct  transfer  from  the  host  to  both  the  metastable  states  of  the 
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INTENSITY 
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V, 


(TEMPERATURE)  (K ) 

Figure  8.  Temperature  Dependences  of  the  Fluorescence  Inten- 
sity and  Lifetime  Ratios  in  YVO^rEr*1';  IT 
Represents  the  Sum  of  All  the  Er^*"  Transitions; 
the  Intensities  are  Measured  at  0.7  us  After 
the  Laser  Pulse;  the  Solid  Lines  are  Given  by 
Exp  [1,000  cm-1 / (k  T) ] 
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TABLE  V 


FLUORESCENCE  INTENSITIES  AND  LIFETIME  RATIOS  OF  YVO, :Er3+ 
AT  DIFFERENT  TEMPERATURES  4 


Temperature  (K) 

/ 0 * 

/tH 

i 0 

('HAH 

,x,  o ** 

■ 1)/th 

13 

6.71 

x IQ"14 

3.75 

x 10"4 

58 

2.42 

x 10"4 

2.34 

x 10"4 

113 

4.89 

1 

O 

X 

3.01 

x 10"3 

161 

8.4 

1 

o 

X 

5.60 

x 10"3 

210 

2.07 

x 10'3 

1.9 

x 10'1 

256 

6.87 

x 10'3 

4.1 

x 10"1 

300 

5.03 

x 10“2 

1.8 

5 5 

* I-j.  is  the  total  intensity  of  the  D-j  and  Dq 

**  is  the  lifetime  of  the  YVO^  when  undoped  and 


th  is  the  lifetime  of  the  YVO^  when  doped 
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TABLE  VI 

FLUORESCENCE 

INTENSITY  RATIOS  AT 

DIFFERENT  TIMES 

AFTER  THE 

LASER  PULSE  AT  ROOM 

IN  YVO. : Er3+ 

4 

TEMPERATURE 

Time  A.P.  (ps) 

'o/IH 

'1/IH 

100 

.103 

.024 

200 

.177 

.037 

300 

.288 

.056 

500 

.556 

.099 

700 

.698 

.123 

1100 

— 
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activators.  It  is  unnecessary  to  include  radiationless  relaxation  between  the  two 
excited  metastable  states  of  the  activator  in  order  to  fit  the  data  in  the  case. 
The  rate  equations  for  the  excited  state  populations  are 


dnH/dt  = W - BHnH  - (k  + k')nH  + W^, 


dnXA/dt  ' knH  " WSAnXA  • VXA* 


dn^/ dt  - k'r^  - 8^, 


dn0/dt  “ WSA/nXA  ~ BoV 


These  can  be  solved  assuming  a delta  function  excitation  pulse  to  obtain  the 
required  fluorescence  intensity  ratios. 


(ID 

(12) 

(13) 

(14) 


*0  pQk  "s*  If  ,-t/T0  ..  , 1 

H [H  (SA  X}J|0  tq  -WSA-Wj 

-<Hs*  + Bx)t  -«\[ 

x (e  ■ e ’J  • 

I fsfk'l  -t/T 

4- Lvl  lT*(1-e  H- 


(15) 


(16) 


where  again  the  prime  indicates  radiative  decay  rates  and  the  lifetimes  which  can 
be  measured  have  been  used  in  place  of  the  appropriate  combinations  of  decay  rates. 
The  solid  lines  in  Fig.  9 represent  the  best  fit  to  the  room  temperature  data 
using  Eqs.  (15)  and  (16)  with  WOA,  W„,  and  the  factors  in  square  brackets  treated 

bA  A 

as  adjustable  parameters.  As  before,  the  constant  lifetimes  approached  at  low 
temperatures  are  taken  as  good  approximations  to  the  radiative  decay  times  in 
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order  to  determine  k and  k'.  The  parameters  for  this  case  are  also  summarized 
in  Table  I. 

The  model  used  to  interpret  the  low  temperature  data  is  the  same  as  that  used 
in  the  previous  section.  The  solid  line  in  Fig.  9 represents  the  best  fit  to  the 
low  temperature  data  using  Eq.  (9)  and  treating  R^  as  an  adjustable  parameter. 

The  result  is  given  in  Table  I.  The  good  fits  to  the  data  in  Fig.  9 indicate  the 
validity  of  the  assumed  model.  Numerous  other  models  were  investigated,  but  none 
was  found  to  be  consistent  with  the  observed  results. 

E.  Discussion  and  Conclusions 

The  critical  interaction  distance  between  randomly  distributed  self-trapped 

exitons  and  activators  at  low  temperatures,  can  be  predicted  theoretically  for 

electric  dipole-dipole  interaction  [l].  It  is  seen  to  be  4 % and  2 X for  the 

europium  and  erbium  activators,  respectively.  These  are  in  close  agreement  with 

the  values  of  Rq  found  experimentally.  They  indicate  very  weak  energy  transfer 

3+ 

at  these  temperatures  with  the  larger  value  for  Eu  being  due  to  a somewhat  larger 
spectral  overlap  with  the  vanadate  emission. 

The  data  obtained  on  the  quenching  of  the  fluorescence  intensity  and  lifetimes 
indicate  an  exponential  increase  in  energy  transfer  with  Increasing  temperature 
for  all  three  samples  investigated.  The  fact  that  the  activation  energies  for  the 
temperature  dependences  are  different  in  each  case  indicates  that  the  trapping 
process  at  activators  has  an  exponential  temperature  dependence  associated  with 
it  well  as  the  thermal  activation  of  exciton  hopping.  This  is  not  surprising  since 
emission  and  absorption  of  phonons  may  be  involved  for  the  conservation  of  energy. 

In  the  analysis  of  TRS  data  the  parameters  characterizing  exciton  migration 
up  to  an  activator  trapping  region  and  the  final  trap-to-activator  transfer  step 
are  determined  separately.  In  the  simplest  model  for  exciton  diffusion  where  the 
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exclton  is  trapped  on  the  first  visit  to  any  trapping  site  it  happens  to  encounter 
the  energy  transfer  rate  to  the  traps  is  given  by  [4] 


k = 4"DRaCa,  (17) 

where  D is  the  diffusion  coefficient,  RA  is  the  trapping  radius,  and  CA  is  the 

concentration  of  activators.  The  trapping  radius  of  an  activator  is  determined 

by  the  differences  in  size  and  electronic  structure  between  it  and  the  host  ion 

3+ 

it  replaces.  In  this  case  the  activators  substitute  for  Y ions  which  have  a radius 

o 3+0  3+o 

of  0.93  A.  The  ionic  radius  of  Eu  is  1.03  A and  that  of  Er  is  0.96  A.  This 

indicates  a slightly  larger  size  mismatch  for  the  europium  activators  although  the 
mismatch  is  not  very  large  in  either  case.  Because  of  this,  a reasonable  approxima- 
tion to  the  trapping  radius  is  the  distance  from  the  activator  ions  to  the  nearest 

o 

neighbor  vanadate  molecular  ion  which  is  3.15  A.  Using  this  value  in  Eq.  (17)  pre- 

-4  -1  3+  -9  2 -1 

diets  a diffusion  coefficient  of  D = 2.0  x 10  cm  for  Eu  and  4.4  x 10  cm  s 
34*  34" 

for  Er  activators.  (In  treating  the  Er  case  k and  k'  have  been  added  together 
which  is  justified  by  the  fact  that  the  diffusion  contribution  to  these  rate  para- 
meters is  Identical  and  they  differ  only  in  the  number  of  activators  which  accept 
the  energy  in  the  higher  metastable  state  as  opposed  to  the  lower  level.) 

If  the  exciton  migration  is  approximated  as  a nearest  neighbor  hopping  on  a 
simple  cubic  lattice,  the  diffusion  length  and  hopping  time  are  given  by 


(18) 


tR  - a2/6D,  (19) 

3-  ° 

where  a is  the  lattice  spacing  between  V0^  ions  which  is  4.75  A in  YVO^  crystals. 
With  the  diffusion  coefficient  found  above,  these  equations  give  values  of  1 ■ 2.4 
x 10  7 and  3.6  x 10  2 cm  and  tu  ■ 1.9  x 10  2 and  8.5  x 10  ® s for  Eu^+  and  Er^+ 

n 

activators,  respectively.  The  number  of  steps  in  the  exciton* s random  walk  can  be 
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estimated  from  the  expression 

" " TH/t:H  ’ (20) 

3+  3+ 

and  is  found  to  be  79  for  Eu  and  176  for  Er  activators. 

These  exciton  migration  parameters  are  summarized  in  Table  VII.  They  should 
be  expected  to  be  independent  of  the  type  of  activator  ion  which  is  essentially  true 

3+  3+ 

for  the  Eu  and  Er  doped  samples  considering  the  approximate  nature  of  the 
simple  diffusion  model  used  to  interpret  the  results. 

Theoretical  estimates  for  the  single  step  rates  for  exciton  hopping  and  trap- 
to-activator  energy  transfer  can  be  obtained  either  from  the  expressions  for  electric 
dipole-dipole  or  exchange  interactions.  The  predictions  of  electric  dipole-dipole 
interaction  are  found  to  be  inconsistent  with  the  observed  values.  The  transfer 
rate  for  exchange  interaction  is  given  by 

W(ex)  - (Tg)"1  exp[y(l  - R/R')].  (21) 

Here  y » 2K'/L,  where  L is  an  effective  Bohr  radius  and  R'  is  the  critical  inter- 
action distance  given  by 

R'  = (L/2)ln[(2ir-g/h)K2fi],  (22) 

where  0 is  the  overlap  integral  of  the  absorption  spectrum  of  the  activator  and  the 

emission  spectrum  of  the  sensitizer,  and  K involves  the  wave  function  overlap 

which  generally  cannot  be  determined  easily.  Exchange  interaction  predicts  the 

o 

observed  exciton  hopping  times  for  R'  of  the  order  of  7 A assuming  a nearest  neighbor 

o 

vanadate  separation  of  4.75  A and  a value  of  L equal  to  half  the  yttrium-oxygen 
o 

spacing,  a 1 A.  A similar  analysis  gives  the  observed  values  for  WgA  for  R'(Eu)  • 

2.5  ft  and  Rg(Er)  ■ 6.0  X assuming  a nearest  neighbor  vanadate-activator  distance 
of  3.15  ft.  Since  K is  unknown  for  these  cases  it  is  not  possible  to  derive  values 
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TABLE  VII 


EXCITON  MIGRATION  AND  TRAPPING  PARAMETERS 


PARAMETER 

Eu3+ 

C 3+ 

Er 

(1.27xl0l9cnf3) 

(1.27xl020cm"3) 

D (cm2sec~^) 

2.0xl0"9 

4.4xl0~9 

*.  (cm) 

2. 4x1  O'7 

3.6xl0*7 

tH  (sec) 

1.9xl0"7 

8.5xl0~8 

n 

79 

176 

td1ff  *sec) 

1.0x1  O'4 

2. 4x1  O'6 

‘trap  (sec> 

5. Oxl O'5 

4. 9x1  O'8 

c (A) 

5 

9 
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n 

of  E'  theoretically.  However,  the  values  obtained  in  this  analysis  appear  to  be 
physically  reasonable. 

Table  VII  also  lists  the  reciprocal  of  the  measured  rate  parameters  for  migra- 
tion and  trapping  as  the  diffusion  time  t^^  and  trapping  time  ttr  , respectively. 
For  both  samples  the  trapping  time  is  found  to  be  shorter  than  the  diffusion  time 
which  is  the  case  of  "diffusion  limited  energy  transfer".  However,  for  a sample 
with  europium  activators  of  concentration  equal  to  that  of  the  erbium  doped  sample 
the  diffusion  time  would  be  shorter  than  the  trapping  time  giving  the  case  of  "trap 
limited  energy  transfer"  as  found  previously  [l]. 

An  alternative  way  of  interpreting  the  migration  and  trapping  characteristics 
is  through  the  generalized  random  walk  theory  developed  by  Soos  and  Powell  [4]. 

This  model  has  recently  been  used  to  explain  energy  transfer  in  cathodolumlnescence  of 
this  type  of  phosphor  material  [5].  In  this  theory  the  energy  transfer  rate  deter- 
mined experimentally  is  given  by 

k - C V C(A) t”1 , (23) 

am  n 

where  is  the  volume  per  molecule  and  C(A)  is  the  capacity  of  the  random  walk. 

The  latter  quantity  is  defined  as  the  rate  at  which  new  sites  are  sampled  by  the 
exciton  per  step  in  the  limit  of  many  steps.  This  can  be  calculated  theoretically 
for  simple  cases  and  has  been  found  empirically  from  TRS  measurements  for  several 
systems  of  doped  aromatic  hydrocarbon  crystals  [6].  It  can  be  directly  related  to 
the  size  and  shape  of  the  trapping  region  surrounding  the  activators  and  to  the 
anisotropy  of  the  random  walk.  The  data  discussed  above  yield  values  of  9 and  5 
for  the  capacities  of  the  erbium  and  europium  doped  samples,  respectively.  For  a 
simple  cubic  lattice  there  values  would  correspond  to  trapping  regions  extending 
out  to  approximately  third  nearest  neighbors  around  each  activator  [4]. 
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In  summary,  host-sensitized  energy  transfer  in  yttrium  vanadate  crystals  doped 


| 


with  trivalent  rare  earth  impurity  ions  at  low  temperatures  is  consistent  with 
a Single  step  electric  dipole-dipole  interaction  process  from  self-trapped  excltons, 
whereas  at  high  temperatures  the  transfer  is  dominated  by  thermally  activated  exciton 
hopping  with  activator- induced  host  traps  playing  an  important  part  in  the  trapping 
process.  In  the  latter  case  both  the  hopping  steps  and  the  trapping  steps  appear 
to  be  due  to  exchange  interaction.  This  is  consistent  with  the  fact  that  the  charge 
distribution  of  the  ^A^  metastable  state  of  the  vanadate  molecule  lies  outside 
the  molecule,  thus  providing  for  the  possibility  of  strong  wave  function  overlap 
with  neighboring  vanadate  molecules  and  impurity  ions  [7].  Since  exchange  inter- 
action falls  off  rapidly  with  distance,  it  is  not  surprising  that  at  low  temperatures, 
where  the  excitons  are  immobile,  longer  range  electric  dipole-dipole  interaction 
processes  become  important. 

3+ 

The  transition  models  and  rate  equations  used  in  interpreting  the  YVO^:Eu 
3+ 

and  YVO^:Er  data  are  fairly  complex.  However,  it  should  be  reiterated  that 
many  simpler  models  were  investigated  and  found  to  be  unacceptable  for  fitting  the 
data.  The  complexity  due  to  the  activator- induced  host  traps  should  be  expected 
since  similar  defect  sites  are  necessary  for  explaining  the  data  obtained  on  undoped 
YVO^.  In  this  case  the  perturbing  defects  are  structural  imperfections  or  chemical 
impurities  other  than  activator  ions. 

A final  important  point  to  note  is  that  pulsed  laser  TRS  measurements  produce 
data  which  are  consistent  with  conventional  lifetime  and  intensity  quenching  studies 
but  are  more  sensitive  to  the  choice  of  models  used  in  interpretation  of  the  results. 
This  leads  directly  to  more  primary  experimental  parameters,  thus  alleviating  the 
necessity  for  many  of  the  assumptions  that  generally  must  be  made  in  obtaining 
migration  and  trapping  characteristics  from  primary  experimental  parameters.  This 
is  especially  important  in  cases  where  many  different  Interaction  and  relaxation 

processes  are  present  such  as  the  systems  investigated  here. 
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IV. 3 Laser  Time-Resolved  Spectroscopy  Studies  of  Host- 

3+ 

Sensitized  Energy  Transfer  in  Bi.Geo0, „:Er  Crystals 

4 3 12 

A.  Introduction 

3+ 

Bi^Ge^O^  crystals  have  been  reported  as  a good  host  material  for  Nd  lasers 

and  the  spectra  of  ether  rare  earth  ions  have  been  studied  in  this  material  [l]-[3]. 

One  of  the  attractive  aspects  of  rare  earth-bismuth  germanate  laser  systems  is  the 

possibility  of  enhanced  pumping  of  the  active  ions  through  host  absorption  and 

energy  transfer.  However,  the  spectroscopic  properties  of  bismuth  germanate  crystals 

are  still  not  well  understood  and  energy  transfer  in  doped  crystals  has  not  been 

characterized.  We  report  here  the  results  of  an  investigation  of  the  spectroscopic 

34* 

properties  of  undoped  and  Er  doped  Bi^Ge^O^  crystals.  Pulsed  laser  time-resolved 
spectroscopy  techniques  were  used  to  characterize  the  host-sensitized  energy  trans- 
fer. The  results  are  interpreted  in  terms  of  a model  in  which  the  host  luminescence 
center  is  treated  as  a trapped  exciton  at  low  temperatures  and  a mobile  exciton 
undergoing  thermally  activated  migration  at  high  temperatures. 

B.  Experimental 

The  samples  studies  were  good  single  crystals  of  Bi^Ge^O^f  on  undoped  and 

3+ 

the  other  doped  with  IX  Er  . These  were  mounted  in  a cryogenic  refrigerator  to 
control  the  temperature  and  excited  by  an  NRG  pulsed  nitrogen  laser.  The  excitation 
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C31034  photomultiplier  tube,  and  processed  by  a boxcar  averager  triggered  by  the 
laser  pulse.  The  time  resolution  was  of  the  order  of  75  nsec. 

The  nitrogen  laser  excitation  is  on  the  edge  of  the  host  absorption  band  as 
can  be  seen  in  Fig.  1.  The  fluorescence  from  undoped  Bi^Ge^O^  appears  as  a broad 
band  as  shown  in  Fig.  2.  Below  about  30  K the  band  peaks  near  6200  X whereas  at 
higher  temperatures  the  peak  shifts  to  near  5200  X.  This  spectral  change  is  accom- 
panied by  a significant  increase  in  fluorescence  lifetime  as  shown  in  Fig.  3. 

Between  room  temperature  and  100  K the  decay  time  increases  slightly  from  about  0.4 
to  7.7  psec  and  then  sharply  Increases  to  about  46  usee  at  14  K.  These  results 
are  consistent  with  those  reported  previously  by  others  [4], [5]. 

The  fluorescence  spectra  for  the  erbium  doped  bismuth  germanate  sample  at  low 
and  high  temperatures  are  shown  in  Figs.  4 and  5 for  different  times  after  the 
laser  pulse.  At  short  times,  the  peak  of  the  host  fluorescence  band  is  at  shorter 

wavelengths  than  in  the  undoped  sample.  At  long  times  after  the  pulse,  the  peak 

3+ 

of  the  band  shifts  to  longer  wavelengths.  The  sharp  Er  fluorescence  lines  increase 

in  intensity  as  a function  of  time  after  the  laser  pulse  as  the  host  fluorescence 

intensity  decreases.  This  effect  is  more  pronounced  at  room  temperature  than  at 

4 

low  temperatures.  The  most  intense  lines  in  the  spectrum  are  due  to  the  S^/2  tC> 

4 3+ 

*15/2  tran8^ti°n  the  Er  ion.  The  sharp  dips  in  the  host  fluorescence  band  are 
due  to  absorption  of  the  host  emission  by  the  erbium  ions.  Figs.  6 and  7 show  the 
ratios  of  the  integrated  fluorescence  Intensities  of  the  activation  ions  and  the 
host  as  a function  of  time  after  the  laser  pulse  for  three  different  temperatures. 
This  time  dependence  is  much  stronger  at  higher  temperatures. 

The  fluorescence  lifetime  of  the  bismuth  germanate  emission  in  the  doped 
sample  exhibits  a similar  temperature  dependence  to  that  in  the  undoped  sample 
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Figure  1.  Absorption  spectra  of  Bl^Ge^O^  Crystals 
at  Room  Temperature 
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Figure  4.  Fluorescence  Spectrum  of  Bismuth  Germanate  Doped  wiht  IX  Er3*  at 
14  K for  Three  Different  Times  After  the  Laser  Excitation  Pulse 
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Figure  5.  Fluorescence  Spectrum  of  Bismuth  Gerroanate  Doped  with  1%  Er3+  at 

Room  Temperature  for  Two  Different  Times  After  the  Laser  Excita- 
tion Pulse 


Figure  6.  Ratio  of  Er  and  Host  Integr, 
as  a Function  of  Time  After 
See  Text  for  Explanation  of 
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Figure  7.  Ratio  of  Er  and  Host  Integrated  Fluorescence  Intensities  as  a 
Function  of  Time  After  the  Laser  Pulse  for  Two  Temperatures. 
See  Text  for  Explanation  of  Theoretical  Lines 


except  that  it  is  quenched  to  shorter  values  as  shown  in  Fig.  8.  It  ranges  from 

3+ 

about  0.25  psec  at  room  temperature  to  about  12.8  psec  at  14  K.  The  Er  lifetime 
is  about  22  sec  from  room  temperature  to  near  150  K.  Between  150  and  about  75  K 
it  exhibits  a double  exponential  decay  with  the  shorter  decay  time  being  of  the 

3+ 

order  of  12  psec  and  the  longer  close  to  20  psec.  At  lower  temperatures  the  Er 
lifetime  again  becomes  single  exponential  and  increases  to  about  32  psec  at  14  K. 
Fig.  9 shows  the  temperature  dependence  of  the  ratios  of  the  fluorescence  inten- 
sities of  the  activator  ions  and  the  host  emission  at  5 psec  after  the  laser  pulse. 
This  ratio  decreases  between  room  temperature  and  about  75  K and  then  shows  an 
increase  as  temperature  is  lowered  further.  The  differences  in  the  Inverses  of 
the  host  fluorescence  decay  times  of  the  doped  and  undoped  samples  is  also  shown 
in  Fig.  9 and  exhibits  and  exhibits  a similar  temperature  dependence. 

C.  Interpretation 

The  results  presented  in  the  previous  section  indicate  that  energy  transfer 

3+ 

is  occurring  from  the  bismuth  germanate  host  to  the  Er  activator  ions.  It  appears 
that  the  transfer  characteristics  are  distinctly  different  at  high  and  low  tempera- 
tures with  the  transition  occurring  between  50  and  125  K.  This  can  be  correlated 
with  temperature  dependent  changes  in  the  host  emission  spectrum  and  fluorescence 
decay  time. 

The  basic  mechanism  for  energy  transfer  can  be  best  determined  by  analyzing 
the  time  dependent  data  shown  in  Figs.  6 and  7.  Assuming  a simple  two  level 
system  for  both  the  host  and  activator  transitions,  the  rate  equations  describing 
the  time  dependences  of  the  excited  state  populations  are 

dn  /dt  ■ W - fin  - u>  n (1) 

s s 8 sa  s 

dn/dt  "8  n -Bn.  (2) 

a sa  s a a 

Here  n and  n are  the  concentrations  of  excited  host  sensitizer  states  and  excited 
8 a 
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Figure  9.  Temperature  Dependence  of  the  Ratio  of  Er  and  Host 

Integrated  Fluorescence  Intensities  5 nsec  After  the 
Pulse  (V).  Temperature  Dependence  of  the  Difference 
in  the  Inverses  of  the  Fluorescence  Lifetimes  of  the 
Doped  and  Undoped  Samples  (0) . 
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activators,  and  are  the  fluorescence  decay  rates  of  the  sensitizer  and  activa- 
tor  sites,  respectively,  and  W is  the  pumping  rate  of  the  sensitizers.  For  this 
case  any  direct  pumping  of  the  activator  ions  can  be  neglected  and  W can  be  treated 
as  a delta  function,  u is  the  energy  transfer  rate.  Because  of  the  large 
difference  in  energy  between  the  activator  emission  and  the  host  absorption,  no  back 
transfer  from  activator  to  host  is  present.  Equations  (1)  and  (2)  can  be  solved  and 
the  results  fit  to  the  data  shown  in  Figs.  6 and  7 treating  (uga  as  an  adjustable 
parameter. 

First,  consider  the  high  temperature  data  shown  in  Fig.  7.  Attempts  were  made 
to  fit  the  data  assuming  a variety  of  different  time  dependences  for  the  energy 
transfer  rate.  At  both  room  temperature  and  150  K it  was  found  that  a good  fit  to 
the  data  could  only  be  obtained  if  the  transfer  rate  was  taken  to  be  Independent  of 
time.  The  solutions  to  Eqs.  (1)  and  (2)  in  this  case  give 


1 /I 
a s 


n / n 
a s 


“sa(Bs  + “sa  ‘ Sa)-1texp[(Bs  + - f»a>t]-l}. 


(3) 


The  best  fits  to  the  data  obtained  with  this  equation  are  shown  as  solid  lines  in 

the  figure  and  the  values  of  u are  listed  in  Table  I. 

sa 

At  low  temperature  it  was  not  possible  to  fit  the  data  with  the  same  model. 

Instead,  it  was  found  that  the  best  fit  to  the  data  was  obtained  with  an  energy 

-1/2 

transfer  rate  which  varied  as  t .If  this  is  written  explicitly  as  w « 1/2  yt 

Sfll 

in  Eqs.  (1)  and  (2),  their  solution  is  then 


.1/2 


I /I 
a s 


n /n 
a s 


t ^ 2 1 /2 

/ exp[-(Bs-Ba)x  - yx]dx  exp[(Bs~Ba)t  + yt  ]. 


(4) 


This  can  be  Integrated  numerically  with  the  use  of  a computer  and  the  resulting  best 
fit  to  the  data  is  shown  as  a solid  line  in  Fig.  5.  The  value  of  y used  to  obtain 
this  fit  is  listed  in  Table  I. 
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TABLE  I 


MODEL  FIT  J PARAMETERS 


Primary  Parameters 

Secondary  Parameters 

Theoretical  Estimate 

Y ■ 0.2  ysec  ** 

R - 10  8 
° 

R - 10  8 
o 

u (295K)  - 1.0  usee  1 

sa' 

D (295K)  » 1.7  x 10”8cm2/sec 

u (150K)  *>  0.058  usee  1 

Mi 

-8  2 , 

D - 9.5  x 10  cm  /sec 
o 

AE  - 352  cm"1 

M295K)  - 20  8 

t^(295K)  - 1.5  x 10  8 sec 

N (295K)  - 27 
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At  high  temperatures  where  the  energy  transfer  rate  is  time  independent 

the  lifetime  ratio*  plotted  in  Fig.  9 should  equal  the  energy  transfer  rate.  Also, 

the  intensity  ratios  at  long  time  after  the  laser  pulse  shown  in  this  figure  are 

proportional  to  the  transfer  rate  with  the  proportionality  constant  being  the  ratio 

of  the  activator  and  host  radiative  decay  rates.  At  room  temperature  the  values  of 

u>  determined  from  these  measurements  are  consistent  with  that  determined  from 
sa 

fitting  the  time-resolved  data.  The  temperature  dependences  shown  in  Fig.  9 between 

room  temperature  and  125  K can  be  fit  with  an  expression  of  the  form  id  (T)  ■ 

s a 

id  exp(-AE/kT)  with  AE  ■ 352  cm  Such  a direct  comparison  cannot  be  made  at  low 
sa 

temperatures  since  the  transfer  rate  is  time  dependent. 

D.  Discussion  and  Conclusions 

The  time  independent  energy  transfer  rate  found  to  be  consistent  with  the  data 

at  high  temperatures  is  indicative  of  a multistep  energy  migration  process.  The 
-1/2 

t dependence  found  for  the  transfer  rate  at  low  temperatures  is  indicative  of 

a single  step  dipole-dipole  interaction  mechanism  among  randomly  distributed 

sensitizer-activator  pairs.  This  can  be  attributed  to  having  a trapped  host  exciton 

at  low  temperatures  and  thermally  activated  exciton  migration  at  high  temperatures. 

The  exponential  temperature  dependence  observed  at  high  temperatures  and  the  nearly 

constant  temperature  dependence  at  low  temperature  are  also  consistent  with  this 
3+ 

model.  The  Er  absorption  lines  appearing  in  the  host  emission  band  as  shown  in 
Fig.  4 shows  that  some  radiative  energy  transfer  is  taking  place.  However,  corrections 
were  made  for  this  in  analyzing  the  data  and  it  is  a small  effect  compared  to  the 
radiationless  transfer  processes. 

If  a single  step  dipole-dipole  interaction  mechanism  is  assumed  at  low  tempera- 
tures, the  observed  energy  transfer  rate  can  be  expressed  as  [6] 


Y 


4 ,3/2r3c  (tV1/2 

3 o a s 


(5) 
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where  R is  the  critical  interaction  distance  and  C is  the  concentration  of  activa- 
o a 

tors.  Using  the  measured  energy  transfer  rate  at  14  K gives  a value  of  about  10  8 

for  R . A theoretical  prediction  for  the  critical  transfer  rate  can  be  obtained 
o 

from  spectral  considerations  using  the  expression  [6] 

R * [5.86  x 10  )^]. 

O S Sd 

Here  <J>°  is  the  quantum  efficiency  of  the  sensitizer,  n is  the  refractive  index  of 
s 

the  host,  0 is  the  overlap  integral  of  the  sensitizer  emission  spectrum  and  the 


activator  absorption  spectrum,  v is  the  average  wave  number  in  the  region  of 

Set 

spectral  overlap,  and  the  numerical  factor  includes  terms  for  unit  conversion  and 
for  averaging  over  the  randomly  oriented  dipoles.  Taking  the  bismuth  germanate 
quantum  efficiency  to  be  unity  results  in  a predicted  value  of  about  10  X for  R 


which  is  consistent  with  the  observed  value.  These  values  for  the  critical  inter- 
action distance  are  equal  to  about  two  and  a helf  times  the  nearest  Bi-Bi  spacing. 
However,  both  the  theoretical  and  experimentally  measured  values  for  R^  are  upper 
limit  estimates  and  teh  actual  value  may  be  somewhat  smaller. 

At  high  temperature  the  rate  for  energy  transfer  by  exciton  diffusion  can 
be  expressed  as  [ ] 

w - 4nDRC  (7) 

sa  a 

where  D is  the  diffusion  coefficient,  R is  the  trapping  radius,  and  Cfl  is  the  con- 
centration of  activator  traps.  If  R is  taken  to  be  a nearest  neighbor  Bi-Bi  spacing 

of  3.88  8,  the  diffusion  coefficient  at  room  temperature  is  found  to  be  about 
-8  2 -1 

1.7  x 10  cm  sec  . For  thermally  activated  hopping  motion  the  diffusion  coefficient 


can  be  expressed  as 


D - D e 
o 


-Ac/kT. 


Using  the  observed  thermal  activation  energy,  the  value  of  Dq  Is  found  to  be 
-8  2 —1 

9.5  x 10  cm  sec  . Rough  estimates  for  the  exciton  diffusion  length,  hopping  time. 
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and  number  of  steps  in  the  random  walk  can  be  found  from  the  following  expressions: 


*.  = /d6t°  , 

s 


tH  = d / (6D)  , 


N = Ts/CH  ‘ 


The  hopping  distance,  d,  can  be  approximated  as  the  nearest  neighbor  Bi-Bi  distance. 
At  room  temperature  this  leads  to  the  values  listed  in  Table  I. 

The  thermal  variation  of  the  fluorescence  lifetime  in  the  undoped  sample 
above  75K  is  also  consistent  with  an  exciton  migration  model.  In  this  case  the 
trapping  occurs  at  some  unknown  type  of  defect  site  and  the  quenching  of  the  life- 


time is  expressed  as 


1/t  = 1/t  + to  e 

s s st 


o -Ac/kT 


In  this  case  the  lifetime  data  can  be  fit  with  a thermal  activation  energy  of  the 

order  of  350  cm  ^ and  an  intrinsic  decay  time  of  about  8 psec  which  is  consistent 

with  the  results  for  the  doped  sample.  The  quenching  rate  is  similar  in  both  samples 

indicating  the  concentration  of  defect  quenching  sites  in  the  undoped  sample  is  of 

3+ 

the  same  order  of  magnitude  as  the  concentration  of  Er  in  the  doped  sample. 

The  sharp  increase  in  lifetime  below  50  K must  be  explained  by  a much  smaller 
thermal  activation  energy.  Since  our  measurements  do  not  go  to  low  enough  tempera- 
tures to  observe  the  maximum  decay  time,  it  is  not  possible  to  fit  these  data. 
However,  the  previous  work  of  Mbncorgd,  et  al.  [5]  indicate  that  the  thermal  activa- 
tion energy  in  this  region  is  about  23  cm  Because  of  the  spectral  changes  that 
occur  in  this  region,  this  activation  energy  appears  to  be  associated  with  excita- 
tion into  a different  electronic  state.  The  decrease  in  energy  transfer  around 
50  K indicates  that  the  higher  energy  electronic  level  is  not  as  effective  in  trans- 
ferring energy  as  is  the  lower  energy  state  except  at  very  high  temperatures  where 
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I 

\ 

\ 


strong  thermal  activation  is  present.  The  double  exponential  decays  observed  for 
3+ 

the  Er  emission  in  75-150  K range  also  indicate  the  transition  from  a region  of 

week  energy  transfer  to  one  of  efficient  energy  transfer. 

In  summary,  the  results  reported  here  indicate  that  at  low  temperatures  the 

excited  electronic  state  of  the  bismuth  germanate  crystal  is  immobile  and  transfers 

its  energy  to  randomly  distributed  activator  ions  by  a single  step  process.  At 

womewhat  higher  temperatures  thermal  activation  into  a higher  energy  electronic 

3+ 

state  occurs  which  is  less  efficient  in  transferring  its  energy  to  Er  activators 

through  a single  step  process  but  in  which  thermally  activated  exciton  migration 

can  occur.  Other  results  show  that  radiationless  quenching  occurs  above  room 

temperature  [4].  This  model  is  similar  to  those  used  to  explain  host-sensitized 

energy  transfer  in  rare  earth  doped  YVO^  and  CaWO^  crystals  and  the  value  of  the 

exciton  diffusion  coefficient  is  similar  to  those  found  on  these  other  systems 

[8],[9].  Since  the  nature  of  the  luminescent  center  in  Bi^Ge^O^  is  not  completely 

established  Q.0],Q.l],  it  is  not  possible  to  describe  in  any  more  detail  the  mechanism 

for  exciton  hopping.  Mongorg^,  et  al.  [5]  from  their  study  of  undoped  bismuth 

germanate  also  concluded  that  exciton  migration  takes  place  in  this  system  but  they 

attributed  the  lifetime  quenching  at  very  low  temperatures  to  the  exciton  migration 

which  is  not  consistent  with  the  results  reported  here  on  a doped  sample.  Finally, 

it  should  be  noted  that  the  magnitude  of  the  transfer  rate  at  room  temperature  for 

the  erbium  doped  dismuth  germanate  crystal  is  of  the  same  order  of  magnitude  as  the 

room  temperature  transfer  rates  found  by  Rlsefeld,  et  al.  |l2],[j.3]  for  energy  trans- 

3+  34*  34* 

fer  from  bismuth  to  Nd  , Eu  and  Sm  at  IX  concentration  in  germanate  glass. 

34. 

However,  in  the  latter  case  Bi  was  present  in  concentrations  of  only  IX  and  thus, 
it  is  not  clear  whether  or  not  efficient  migration  of  energy  among  the  bismuth 
luminescent  centers  is  taking  place. 
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IV. 4 Laser  Time-Resolved  Studies  of  Exciton  Migration  in  Doped 

Lithium  Nlobate 
A.  Introduction 

Pulsed  laser  time-resolved  spectroscopy  techniques  have  recently  been  shown 
to  be  useful  in  elucidating  the  characteristics  of  host-sensitized  energy  transfer 
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in  rare  earth  doped  phosphors.  A model  based  on  thermally  activated  migration 
and  trapping  of  molecular  excitons  has  been  developed  to  explain  the  results. 

In  this  paper  we  report  the  results  of  further  investigations  of  this  type  on  the 

3+ 

system  LiNbO^'.Eu  , Cr  . The  data  are  again  found  to  be  consistent  with  host 

exciton  migration  and  trapping,  but  in  this  case  no  thermal  activation  is  required. 

These  results  are  especially  interesting  in  light  of  the  importance  of  lithium 

niobate  in  electro-optic  and  laser  host  applications. 

The  samples  studied  were  good  optical  quality  single  crystals  of  LiNbO^  one 

19  -3  3+  17  -3 

of  which  was  undoped  and  the  other  contained  3.70x10  cm  Eu  and  1.27x10  cm 
3+ 

Cr  ions.  These  were  mounted  on  the  cold  finger  of  a cryogenic  refrigerator  which 
was  able  to  control  sample  temperature  between  about  10  K and  room  temperature.  The 
excitation  was  provided  by  a nitrogen  laser  which  produced  a pulse  about  10  nsec  in 
duration  and  less  than  4 X wide  centered  at  3771  X.  The  fluorescence  was  analyzed 
by  a one-meter  monochromator,  detected  by  an  RCA  C31034  photomultiplier  tube,  and 
averaged  by  a boxcar  integrator  triggered  by  the  laser  pulse.  The  time  resolution 
was  of  the  order  of  10  nsec. 

B.  Experimental  Results 

Fig.  1 shows  the  absorption  band  edge  of  the  LiNbO^  host  crystal.  The  nitrogen 
laser  excitation  pumps  the  low  energy  side  of  this  band.  The  host  fluorescence 

appears  as  a broad  band  centered  at  about  5000  X.  In  the  doped  sample,  additional 

I 

sets  of  sharp  lines  are  observed  in  the  visible  region  of  the  spectrum  characteristic 

34*  3+ 

of  Eu  absorption  transitions.  No  absorption  characteristic  of  Cr  could  be 

observed  due  to  the  low  concentration  of  chromium  ions  in  the  sample.  The  host 

fluorescence  emission  in  the  doped  sample  is  similar  to  that  observed  in  the  undoped 

sample.  In  addition,  the  doped  sample  exhibits  a broad,  intense  emission  centered 
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Figure  1.  Room  Temperature  Absorption  Spectrum  ( ) of  LiNbC>3  and  Fluorescence  Emission  of  LiNbC^Eu 

at  Two  Times  After  Pulsed  Laser  Excitation  at  3371  X ( , ....)• 


X4-7 
. This  type  of  emission  has  been  reported  previously  with  the  peak 

position  varying  from  8400  X to  9200  X and  is  attributed  to  the  ~ transi- 

3+ 

tion  of  Cr  . The  variation  in  observed  peak  position  is  probably  due  to  the  strong 

variation  in  experimental  sensitivity  in  this  spectral  range.  Both  the  phototube 

and  monochromator  sensitivities  decrease  above  8500  X which  accounts  for  the  sharp 

decrease  if  the  low  energy  side  of  the  peak  shown  in  the  uncorrected  spectra  of 

Fig.  1.  The  spectra  in  Fig.  1 were  taken  at  two  different  times  after  the  laser 

3+ 

pulse  and  it  is  obvious  that  as  time  increases  the  Cr  emission  intensity  increases 
with  respect  to  that  of  the  host.  Similar  results  are  obtained  at  low  temperatures. 
Trivalent  europium  emission  can  be  seen  as  very  weak,  sharp  lines  on  the  low  energy 
side  of  the  host  emission  band  at  low  temperatures  at  intermediate  times  after  the 
excitation  pulse. 

Fig.  2 shows  the  variation  of  the  integrated  fluorescence  intensity  ratio  of 

the  chromium  band  to  the  host  band  as  a function  of  time  after  the  laser  pulse  at 

3+ 

both  high  and  low  temperatures.  The  distortion  of  the  observed  Cr  emission  band 
due  to  the  spectral  response  of  the  equipment  is  taken  into  account  in  these  relative 
intensity  measurements.  At  both  temperatures  the  intensity  ratios  vary  approximately 
exponentially  with  a characteristic  constant  of  about  6.7  psec 

The  temperature  dependence  of  the  fluorescence  lifetimes  are  shown  in  Fig.  3. 

The  lifetime  of  the  fluorescence  in  the  undoped  sample  is  independent  of  temperature. 
In  the  doped  sample  the  host  fluorescence  lifetime  is  still  independent  of  tempera- 
ture but  is  less  than  the  lifetime  in  the  undooed  sample.  The  chromium  fluorescence 
lifetime  decreases  greatly  between  14  K and  room  temperature.  All  of  the  fluorescence 
decays  were  observed  to  be  purely  exponential.  The  europium  fluorescence  was  too 
weak  to  be  resolved  from  the  host  fluorescence  in  order  to  make  lifetime  measurements. 
C.  Interpretation  of  Results 

The  results  presented  above  indicate  that  energy  is  being  transferred  from  the 
34* 

host  to  the  Cr  impurity  ions.  The  most  general  model  for  describing  the  kinetics 
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Figure  2.  Ratios  of  the  Integrated  Fluorescence  Intensities  of  the 
Chromium  and  Host  Emissions  as  a Function  of  Time  After 
the  Laser  Pulse  at  High  and  Low  Temperatures  for 
LiNb03:Eu3+,  Cr3* 
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Figure  3.  Temperature  Dependences  of  the  Fluorescence  Lifetimes  In  LINI5O3 

and  LlNb03:Eu3+,  Cr3+  Crystals.  []-Undoped  Host;  A-Undoped  Host; 


of  energy  tranfer  in  this  case  is  shown  in  Fig.  4.  The  rate  equations  for  the 
populations  of  excited  states  of  the  host  n^,  the  europium  ions  n^,  and  the 


chromium  ions  n^  are 


dVdt  " W ’ SHnH  ' WcnH  " Vk 

dnE/dt  " Vh  * WEcnE  - eEnE 

dnc/dt  - mcnH  + ^ - B^. 


(1) 

(2) 

(3) 


W.  is  the  pumping  rate  of  the  host  and  By.Bg.  and  Bc  are  the  intrinsic  decay 

rates  of  the  host,  europium,  and  chromium  ions,  respectively.  The  energy 

transfer  rates  from  the  host  to  the  two  types  of  impurity  ions  are  w and  m 

E C 

while  the  transfer  rate  from  the  europium  to  the  chromium  ion  is  to  . All 

EC 

back  tansfer  processes  have  been  neglected  since  there  are  large  Stokes  shifts 
involved  in  each  step  and  no  experimental  evidence  is  observed  for  any  back 
transfer. 

Treating  the  laser  pumping  pulse  as  a delta  function  and  assuming  the 
transfer  rates  to  be  Independent  to  time,  Eqs.  (1)  - (3)  can  be  solved  to  give 


n^t)  - 1^(0)* 

- nM(o)/“E  \ (e'Bt-  e"6'*) 

Vb’-B' 

- n (o)  (*tc**\  \(  “c  + * ( *«"*  V~6,t 

V Bc-B  [lwEcwE  8,_g  ) l (e’_6)  (6  -6*)  / 

c 

( VB  - - _1_\ 

Mb’-B)  (B-fl')  “ec"e  b’-B/  “* 


(4) 

(5) 


n It) 

c 


(6) 


where  B ■ B^  + + u>c  and  6'  • B£  + “gc*  important  ratio  for  explaining 

the  experimental  results  is 
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V‘>  f/“ c , n ( ac-°  ).-<a'-alt 

1Hltl  l^W  ' 6c-6  ' (_V“ec“e  fi'-B  ' V (b'-8)  (6 c-t)' 

-A-) 

MB  -B)  (Bc-B  ) Ec  E 6 -B'  J 

rad 

where  8 indicates  the  radiative  transition  rate.  From  lifetime  measure- 
ments it  is  possible  to  estimate  the  rate  parameters  and  thus  simplify  Eq. 

(7)  to  give 

IC<t)/1H(t>  " (Bcad/BHad)  [V(0H  + “e)]  CXP  [<e’Bc,t]  * (8) 

Equation  (8)  predicts  an  exponential  time  dependence  for  the  ratios  of  the 

3+ 

integrated  fluorescence  intensities  of  the  Cr  ions  and  the  host  which  is 

consistent  with  the  results  shown  in  Fig.  2.  The  characteristic  constant 

needed  for  the  expontial  fit  of  the  data  is  6.7  psec  1 at  both  high  and  low 

temperatures.  Equation  (8)  predicts  that  this  constant  should  be  the  difference 

3+ 

in  the  decay  times  of  the  host  in  the  doped  sample  and  the  Cr  ions.  This  is 
measured  to  be  about  5.8  psec  1 at  low  temperature  and  5.2  psec  ^ at  high  temp- 
erature. These  values  are  very  close  to  the  measured  value,  especially  con- 
sidering the  simplicity  of  the  model  used. 

The  quenching  of  the  host  fluorescence  decay  time  in  the  doped  sample  can 

3+ 

be  attributed  to  transfer  of  energy  to  the  dominant  type  of  impurity  ions  Eu 
This  is  measured  to  be  1.3  psec  1 at  all  temperatures.  If  the  mechanism  of 
energy  transfer  is  the  diffusion  and  trapping  of  host  excitons,  the  transfer 
rate  can  be  expressed  as 

wE  - 4irDRCE  (9) 

3+ 

where  D is  the  diffusion  coefficient,  C£  is  the  concentration  of  Eu  ions, 
and  R is  the  trapping  radius.  Assuming  a nearest  neighbor  trapping  radius  and 
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using  the  measured  transfer  rate  in  Eq.  (9)  gives  a value  of  D * 9.6x10  cm  sec 

The  diffusion  length  is  given  by  l = /6Dt°  where  t°  is  the  fluorescence 

H H 

decay  time  of  the  host  in  the  undoped  sample.  For  this  case  the  value  of  Jt  is 

found  to  be  about  36&.  The  time  for  each  step  in  the  exciton's  random  walk  can 

2 

be  approximated  by  t ■ a /(6D)  where  a is  the  hopping  distance.  Assuming  the 

H 

latter  to  be  approximately  the  closest  distance  between  Nb  ions  gives  a hopping 

-9 

time  of  about  2.8x10  sec.  The  number  of  steps  in  the  random  walk  is  n ■ 

’7‘h  ■ ”• 

There  is  no  way  to  directly  measure  the  rate  of  the  europium  to  chromium 

energy  transfer  step  in  this  model.  However,  it  must  be  greater  than  the 

host  decay  rate  in  the  doped  sample  in  order  for  the  simplified  expression  in 

Eq.  (8)  to  be  valid.  Since  this  gives  a good  fit  to  the  data,  a lower  bound  of 

<j)  2 6psec  1 can  be  established  for  this  rate  constant.  A theoretical  estimate 
EC 

g 

can  be  obtained  for  this  transfer  rate  from  the  expression 

“EC  " (4/3iTr3/2RoCC(TEt>1/2  U0) 

where  R is  the  critical  transfer  distance.  This  has  been  determined  by  Weber 
o 

to  be  about  22%.  for  transfer  between  Eu^+  and  Cr^  ions  in  a glass  host.^  It 

is  not  expected  to  be  significantly  greater  than  this  in  other  hosts.  If  this 

3+ 

value  is  used  in  Eq.  (10)  along  with  a Eu  lifetime  of  about  500  psec 

characteristic  of  5p  emission,  a value  of  wEC  is  found  which  is  far  too  small 

to  satisfy  the  lower  bound  requirement  established  earlier  for  relavent  times. 

3+ 

This  may  Indicate  that  transfer  is  taking  place  from  a higher  excited  Eu 

level  before  relaxation  to  the  5 state. 

D0 

D.  DISCUSSION  AND  CONCLUSIONS 

The  time-resolved  spectroscopy  results  obtained  on  host-sensitized  energy 
3+  3*4* 

transfer  in  LiNbO^:Eu  , Cr  were  shown  above  to  be  consistent  with  the 
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predictions  of  a model  based  on  host  exciton  diffusion  with  the  activator  ions 

acting  as  exciton  traps  and  including  an  efficient  transfer  of  energy  from  the 
3+  3+ 

Eu  to  the  Cr  activator  ions.  The  fact  that  the  host  fluorescence  decay  was 
observed  to  be  purely  exponential  is  indicative  of  a multistep  migration  process 
and  justifies  the  assumption  of  a time  Independent  rate  parameter  for  the  host 
energy  transfer  in  the  time  regime  of  interest.  The  fact  that  the  energy  trans- 
fer rate  is  found  to  be  independent  of  temperature  implies  that  no  thermal 

activation  is  necessary  for  migration  to  occur.  The  strong  temperature  dependence 

3+ 

observed  for  the  fluorescence  decay  time  of  the  Cr  emission  together  with 

the  lack  of  temperature  dependence  of  the  host  fluorescence  decay  time  and  the 

3+ 

known  characteristics  of  Eu  in  other  hosts  indicate  that  the  measured  decay 
time  at  8600X  is  the  intrinsic  decay  time  of  Cr^+  emission  in  this  host  even 
though  it  is  pumped  through  energy  transfer  instead  of  being  directly  excited. 

In  order  for  the  predictions  of  this  model  to  fit  the  results,  the  transfer 

3+  3^. 

rate  between  the  Eu  and  Cr  ions  must  be  very  large  compared  to  the  other 

rates  in  the  model.  It  is  also  taken  to  be  Independent  of  time  in  order  to 

simplify  the  solutions  of  the  rate  equations,  but  this  is  not  a necessary 

assumption  since  it  does  not  appear  in  the  final  expression  used  to  fit  the 

results.  In  fact,  this  transfer  rate  will  almost  certainly  exhibit  the  time 

dependence  indicated  in  Eq.  (10)  which  is  characteristic  of  a single-step, 

dipole-dipole  energy  transfer  process  between  randomly  distributed  sensitizens 

and  activators.  Quantitative  estimates  of  this  rate  parameter  indicate  that 

3+ 

energy  transfer  may  be  taking  place  from  a higher  excited  Eu  level  before 

relaxation  to  the  lowest  metastable  state.  Studies  involving  directly  pumping 
3+ 

the  Eu  ions  will  be  carried  out  in  the  future  in  an  attempt  to  clarify  this 
interesting  point. 

1-3 

The  model  used  to  interpret  these  data  is  similar  to  the  utilized  previously 
in  explaining  host-sensitized  energy  transfer  in  other  rare  earth  doped  crystals 
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such  as  CaWO, , YVO. , and  Bi,Geo0, The  value  of  the  exclton  diffusion  co- 
efficient  found  here  is  similar  to  that  found  for  the  bismuth  germanate  host 
but  somewhat  larger  than  the  values  for  the  tungstate  and  vanadate  hosts. 

In  the  three  crystals  investigated  previously,  it  was  found  that  a thermal 
activation  energy  was  required  for  exciton  migration  to  occur.  This  was 
attributed  to  a self-trapping  of  the  excltons  in  CaWO^  and  YVO^  and  excitation 
from  an  Immobile  to  a mobil  electronic  state  in  Bi,Ge,0, The  fact  that  no 
activation  is  required  for  exciton  mobility  in  LiNbO^  indicates  that  the  inter- 
action causing  the  exciton  to  migrate  is  stronger  than  the  electron-lattice 

relaxation  rate  in  the  excited  state.  The  excltons  in  the  tungstate  and  vanadate 

2-  3- 

hosts  are  excited  electronic  states  localized  on  the  WO.  and  VO,  molecular 

4 4 

ions.  In  Bi^Ge^O^  the  exact  nature  of  the  exciton  is  not  well  understood,  but 
it  appears  to  be  associated  with  excited  electronic  states  of  the  Bi+  ions.  In 
LiNbO^,  the  exciton  can  be  identified  as  an  excited  electronic  state  of  the 
NbOg  octahedron.  It  has  been  found  that  the  optical  absorption  and  emission 
characteristics  of  NbO^  octahedra  are  similar  in  different  host  crystals  and 
the  transition  giving  rise  to  the  observed  spectra  involve  a change  transfer  of 


an  electron  from  a molecular  orbital  consisting  mainly  of  a 2p  oxygen  orbital 
to  a 1 2g  molecular  orbital  localized  mainly  on  the  Nb^+  ion^.  There  is  a con- 
siderable Stokes  shift  between  the  absorption  and  emission  bands  indicating 
significant  lattice  relaxation  in  the  electronic  excited  state.  This  would 
generally  lead  to  the  requirement  of  thermal  activation  for  energy  transfer 
to  occur  to  a neighboring  NbO^  complex.  However,  the  extended  nature  of  the 
excited  tjg  molecular  orbital  can  lead  to  significant  overlap  with  the  wave 
functions  of  electrons  in  neighboring  complexes,  which  facilitates  energy 
transfer  through  resonant  exchange  Interaction. 
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Figure  5 shows  a schematic  representation  of  the  LiNbO^  structure  in  terms 

of  an  ordered  array  of  oxygen  octahedra  with  central  ions  alternating  between 

Nb,  Li,  and  vacancies.^  This  is  a simplified  picture  of  the  real  lattice 

since  the  actual  oxygen  octahedra  are  distorted  and  the  central  ions  offset  such 

that  it  is  very  difficult  to  draw  a three  dimensional  picture  of  the  true 

structure.  However,  this  indicates  the  possible  path  for  NbO^.  exciton  diffusion. 

The  nearest  Nb-Nb  separation  is  3.765R.  The  trivalent  rare  earth  and  transition 

metal  impurity  ions  can  enter  the  lattice  substitutionally  for  either  the  Li 
3+ 

or  Nb  ions.  The  mechanism  of  required  charge  compensation  is  not  known.  The 

closest  Nb-Li  separation  in  the  lattice  is  about  3.0lX. 

The  rate  of  energy  transfer  by  exchange  interaction  between  two  ions 

12 

separated  by  a distance  R can  be  approximated  by  the  simple  expression. 

.o-l 


ai (ex)  - (T°)'  exp[(2  R^/L)  (1-R/RM] 


(ID 


where  is  a critical  transfer  distance  which  depends  on  the  wave  function 

overlap  and  L is  an  effective  Bohr  radius.  For  nearest  neighbor  transfer 

between  NbO^  octahedra  the  exiton  hopping  time  obtained  in  the  last  section 

can  be  predicted  if  Rq  = 6&  and  L is  taken  to  be  half  the  Nb-oxygen  spacing. 

It  is  not  possible  to  theoretically  determine  a value  for  Rq  without  a 

knowledge  of  the  wavefunctions  and  their  overlap.  Also,  superexchange  through 

intermediate  oxygen  ions  may  complicate  the  picture.  However,  the  magnitude  of 

Rq  obtained  by  fitting  the  simple  expression  in  Eq.  (11)  to  the  experimental 

results  appears  to  be  a physically  reasonable  value.  ihe  trapping  step  at  an 

activator  site  may  also  take  place  by  an  exchange  mechanism  with  a similar 

transfer  rate  and  critical  transfer  distance. 

3+ 

The  spectra  of  Cr  impurity  ions  in  LiNbO^  has  been  studied  extensively 

4-7 

and  explained  by  Glass  using  crystal  field  considerations.  His  results 
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3+  5+ 

indicate  that  the  Cr  ions  most  probably  substitute  for  the  Nb  ions  non- 
local charge  compensation.  Although  there  is  a charge  transfer  transition 
below  ~350oX,  the  extremely  small  concentration  of  Cr^+  in  our  sample  results 

in  neglegible  direct  pumping  effects.  Glass  calculated  a radiative  a decay 
4 

time  for  the  level  of  =llpsec  which  is  close  to  the  measured  fluorescence 

decay  time  at  low  temperatures.  He  measured  a quantum  efficiency  for  the 
4 

T 2 level  of  about  unity  at  4.2K  and  0.05  at  room  temperature  which  is  consistent 

with  our  measurements  of  the  temperature  dependence  of  the  fluorescence  decay 

time  if  we  define  quantum  efficiency  as  n(T)  = x(4.2K)  Vt(T) 

The  spectra  of  several  trivalent  rare  earth  ions  have  also  been  studied 
13  14 

in  LiNbO^  crystals.  ’ The  major  interest  in  these  investigations  has  been 

the  study  of  laser  action  in  an  electro-optic  host  so  that  optical  modulation 

and  second  harmonic  generation  can  be  obtained  in  the  laser  material  itself 

instead  of  requiring  an  additonal  optical  component.  Another  possible  advantage 

of  LiNbO^  as  a laser  host  which  is  indicated  by  the  present  work  is  increased 

pumping  of  the  active  ions  through  host  absorption  and  energy  transfer.  A 

possible  problem  with  rare  earth  doped  lithium  niobate  as  a laser  material 

is  the  efficient  quenching  of  the  rare  earth  fluorescence  by  only  a very  small 
3+ 

concentration  of  Cr  impurities.  In  standard,  commercial  LiNbO^  small  amounts 
of  impurities  such  as  chromium,  iron,  manganese,  etc.  are  almost  always  found. 
Another  problem  of  LiNbO^  as  a laser  host  is  the  formation  of  localized  irregu- 
larities in  the  refractive  index  due  to  optical  pumping.  These  act  as  scattering 
centers  and  can  inhibit  stimulated  emission  and  other  nonlinear  optical  effects. ^ 
The  optical  damage  centers  mentioned  above  form  the  basis  for  utilizing 
LiNbO^  as  a material  for  three  dimensional  holographic  information  storage. 

Although  much  work  has  been  done  in  characterizing  the  photorefractive  effects 

7 18-23 

in  this  material,  they  are  still  not  completely  understood.  * It  is 
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clear  that  the  most  sensitive  effects  involve  the  creation  of  free  electrons 


by  optical  excitation  of  one  type  of  trapping  site,  photoconduction  of  the 
electrons  in  an  applied  electric  field,  and  trapping  at  a second  type  of 
trapping  site.  The  traps  can  be  chemical  impurities  such  as  iron  or  struc- 
tural impurfections  such  as  vacancies.  Without  an  applied  field,  the  charge 
displacement  is  extremely  small.  The  maxlnum  peak  in  the  photoconductivity 
spectrum  occurs  at  ~4000£  and  it  decreses  sharply  at  higher  energies.  It  is 
suggested  that  this  peak  is  due  to  host  absorption  from  the  valance  band  to  a 
conduction  band  consisting  of  mainly  Nb  orbitals.  Higher  energy  excitation 
involves  the  charge  transfer  transition  mentioned  previously  and  does  not  result 
in  photoconductivity.  However,  exciting  further  into  the  ultraviolet  (~265C)X) 

by  two-photon  processes  again  results  in  the  generation  of  free  electrons  and 

7 23  3+ 

optical  damage  centers.  ’ The  presence  of  Cr  impurities  does  not  appear 

2+ 

to  enhance  the  optical  damage  properties  directly  as  Fe  impurities  do,  but 
3+ 

Cr  ions  have  been  useful  in  enhancing  the  refractive  index  changes  produced 
by  two-photon  absorption  by  providing  a real  intermediate  state. 

3+ 

The  fact  that  no  change  in  valance  state  of  the  Eu  ions  is  observed 
between  absorption  and  emission  Indicates  that  the  host-sensitized  transfer  we 
report  here  is  not  associated  with  free  carrier  migration.  Since  exciton 
diffusion  involves  the  migration  of  a coupled  electron-hole  pair  without  an 
effective  charge,  it  will  not  directly  effect  the  photoref ractive  effect  of 
interest  in  information  storage  applications.  High  densities  of  excitons  could 
cause  the  formation  of  free  electrons  and  holes  through  exciton-exciton  inter- 
action ionization.  It  is  not  clear  that  this  would  have  any  advantage  over 
the  excitation  techniques  now  employed,  but  there  may  be  some  advantage  gained 
from  pumping  into  the  charge  transfer  band  which  is  much  stronger  than  the 
absorption  regions  now  being  pumped. 
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The  local  polarization  due  to  charge  displacement  in  the  optically  excited 

states  of  impurity  ions  in  LiNbO^  can  also  be  used  for  holographic  recording 

21  4 3+ 

applications.  This  has  been  shown  for  the  state  of  Cr  to  have  much 

lower  recording  sensitivity  than  the  mechanisms  involving  the  generation  of 

free  charge  carriers,  but  it  may  be  useful  in  applications  requiring  low  power 

such  as  modulation  in  integrated  optics  systems.  In  this  case,  the  enhanced 

3+ 

pumping  of  the  Cr  ions  through  host-sensitized  energy  transfer  as  shown  in 
this  work  could  be  extremely  useful. 

In  conclusion,  we  find  that  host  exciton  migration  and  trapping  at 
impurity  ions  occurs  in  LiNbO^  after  pumping  into  the  charge  tranfer  band  in 
the  near  ultraviolet  region  of  the  spectrum.  This  may  effect  the  use  of  this 
material  in  some  laser  host  and  holographic  storage  applications.  The  efficient 
transfer  of  energy  between  different  types  of  impurity  ions  is  also  observed, 
but  the  properties  of  this  process  are  not  completely  understood  and  will  be 
studies  further. 
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V.  SITE-SELECTION  SPECTROSCOPY  RESULTS 

3+ 

V.I  Laser  Site-Selection  Spectroscopy  Investigation  of  Eu  Ions  in  YVO^  Crystals 
A.  INTRODUCTION 

Narrow-line  tunable  dye  lasers  have  recently  been  used  as  excitation  sources 

for  studying  energy  transfer  between  ions  in  solids.^"  ^ The  high-resolution 

capabilities  have  allowed  the  effects  of  inhomogeneous  broadening  to  be  proved 

and  the  fast  pulses  make  it  possible  to  monitor  the  dynamics  of  the  interaction 

processes.  The  new  and  more-detailed  information  available  from  these  studies 

has  stimulated  interest  in  developing  new  theorectical  models  and  methods  of 

8 9 

interpreting  energy-transfer  data.  ’ This  paper  describes  the  results  of  an 

investigation  of  energy  transfer  between  trivalent  europium  ions  in  yttrium 

orthovanadate  crystals  using  laser  time-resolved-spectroscopy  (TRS)  techniques. 

There  has  been  great  interest  in  YVO^,  as  a material  for  a variety  of 

optical  applications  such  as  a phosphor,  a laser  host,  and  an  infrared  polarizer, 

because  of  its  mechanical  and  optical  properties.  For  example,  YVO^  doped  with 

trivalent  Nd  ahs  been  found  to  be  an  excellent  laser  with  a threshold  factor 

3+ 

of  2 lower  than  for  YAlG:Nd  (Refs.  10  and  11)  and  YV0^:Eu  is  an  excellent 
12 

red  phosphor.  Thus,  it  is  of  practical  importance  to  understand  the  spectral 

properties  and  interactions  of  trivalent  rare-earth  ions  in  this  host. 

3+ 

Previous  studies  of  YV0^:Eu  have  identified  the  energy  levels  and  transi- 
13  14 

tlons  of  europium  * and  characterized  the  properties  of  energy  transfer  from 
the  host  to  the  activator  ions.^’^  In  the  work  reported  here,  the  Eu^*  ions 
are  directly  excited  with  a pulsed-laser  source  whole  bandwidth  is  much  less 
than  the  width  of  the  absorption  transition,  and  the  fluorescence  emission 
under  these  condltons  can  be  resolved  into  a series  of  lines  originating  from 
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ions  in  different  crystal-field  sites.  Thus,  by  tuning  the  laser  wavelength, 
ions  in  specific  crystal-field  sites  can  be  electively  excited  and  energy 
transfer  to  ions  in  other  types  of  sites  can  be  monitored, 
i B.  EXPERIMENTAL 

3+ 

A single  crystal  of  yttrium  orthovanadate  doped  with  1.0-at.%Eu  was 
obtained  from  Raytheon,  Inc.  The  boule  was  grown  along  the  crystallographic 
C axis  and  a sample  of  about  5-mm  thickness  was  cut  parallel  to  this  direction. 

The  sample  was  mounted  on  the  cold  finger  of  a cryogenic  refrigerator 
capable  of  continously  varying  the  temperature  between  about  7 and  300  K. 
Absorption  measurements  were  made  on  a Cary  14  spectrophotometer.  Fluorescence 
spectra  and  decay-time  measurements  were  obtained  using  a Systems  Science  and 
Software  tunable  dye  laser  pumped  by  a NRG  pulsed  nitrogen  laser.  The  peak 
power  output  of  the  nitrogen  laser  is  about  350  kW  and  the  output  of  the  dye  laser 
with  7-die thylamino-4-me thy lcoumar in  dye  is  a pulse  of  about  10  nsec  In  duration 
and  0.46  cm  1 in  halfwidth.  The  sample  fluorescence  is  focused  onto  the 
entrance  slit  of  a 1-m  Czerny-Turner  momochromator  capable  of  resoltion  in 
first  order  of  0.04&.  The  signal  is  detected  by  a cooled  RCA  C31034  photo- 
multiplier tube,  averaged  by  a boxcar  integrator  triggered  by  the  nitrogen 
laser,  and  displayed  on  a strip-chart  recorder.  The  time  resolution  is  about 
0.5  ysec. 

The  dye  laser  was  tuned  to  pump  into  one  of  the  strong  absorption  lines  of 
the  7Fq-5D  transitions  located  at  4668. 2&  as  shown  in  Fig.  1.  Since  the 
halfwldth  of  about  5.5  cm  ^ Qf  this  line  is  an  order  of  magnitude  greater 
than  the  width  of  the  laser,  it  is  possible  selectively  to  excite  into  different 
regions  of  the  absorption  line.  The  llnewldth  has  contributions  from  both  homo- 
geneous broadening  due  to  radiationless  relaxation  to  the  lower-lying  "’d. 
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levels  and  from  Inhomogeneous  broadening  due  to  the  presence  of  Ions  In 
slightly  different  crystal-field  sites.  The  latter  effect  allows  for  selective 
excitation  of  ions  in  specific  sites  by  appropriately  tuning  the  laser  wavelength. 

The  fluorescene  trasltion  from  the  ^Dq  metastable  state  to  the  lowest 
Stark  component  of  the  ^F^  level  was  monitored  as  the  laser  was  tuned  across 
the  absorption  line.  The  emission  appeared  as  a series  of  several  closely 
spaced  sharp  lines  centered  at  about  5943&.  Three  of  these  lines  were 
significantly  more  intense  than  the  others  and  their  relative  intensities  vary 
as  the  excitation  wavelength  is  changes  as  shown  in  Fig.  1.  These  three  lines 
have  halfwidths  of  about  1.4cm  The  middle-  and  high-energy  lines  are 
separated  by  3.03  cm  * and  the  middle-  and  low-energy  lines  by  4.75  cm  \ 

The  fluorescnece  decay  were  observed  to  vary  slightly  from  pure  exponentials 
by  an  amount  which  varied  with  the  wavelength  of  excitation.  For  conditions 
giving  rise  to  nearly  exponential  decays  at  14  K the  decay  times  were  472  ysec 
for  the  high-energy  line,  527  ysec  for  the  middle  line,  and  503  ysec  for  the 
low-energy  line.  At  122  K,  the  lifetimes  of  these  fluorescence  lines  were  found 
to  be  440,  501,  and  461  ysec,  respectively.  These  measurements  are  accurate 
to  about  ±10  ysec. 

To  study  energy  transfer  between  trivalent  europium  ions  in  different 
crystal-field  sites,  the  fluorescence  spectra  of  the  three  emission  lines 
were  obtained  for  different  times  after  the  laser  pulse.  These  TRS  results 
were  then  analyzed  by  finding  the  integrated  fluorescence  intensities  at  each 
time.  Figure  2 shows  the  ratios  of  the  intensities  of  the  high-  and  low-energy 
emission  lines  to  that  of  the  middle  line  as  a function  of  time  after  the  laser 
pulse  for  high-energy  excitation  (4667. 8ft)  at  11  K.  There  data  are  listed  in 
Table  I.  The  accuracy  of  these  data  points  is  equal  to  or  better  than  0.02  of 
the  arbitrary  units  in  Fig.  2.  The  accuracy  is  greater  at  shorter  times  where 


i 


136 


the  signal- to-noise  ratio  is  better.  Similar  TRS  results  are  shown  in  Fig.  3 
for  low-energy  excitation  (4669. oX)  at  11  K.  In  this  case,  the  ratios  of  the 
intensities  of  each  line  to  the  total  intensity  of  the  three  lines  are  plotted 
versus  time.  For  other  settings  of  the  excitation  wavelength,  a variety  of 
different  time  dependences  can  be  obtained  for  the  fluorescence-intensity  ratios. 
Similar  measurements  were  made  at  numerous  temperatures  up  to  138  K and  only  a 
very  small  Increase  in  intensity  ratios  with  temperature  was  observed  as  shown 
in  Fig.  4. 

C.  INTERPRETATION 

The  TRS  data  shown  in  Figs.  2 and  3 can  be  interpreted  in  terms  of  the  model 
shown  in  Fig.  5.  The  excited-state  populations  are  designated  n^»  n^,  and  n^ 
for  low-,  middle-,  and  high-energy  levels,  respectively.  The  direct  pumping 
rates  of  these  levels  are  W , Wu,  and  W , while  their  intrinsic  decay  rates 

are  B , B , and  B . P (t),  P,„(t),  P (t) , etc.,  are  the  probabilities  per 

L M rl  HL  MH  ML 

unit  time  for  enrgy  transfer  between  ions  in  sites  giving  rise  to  the  low-, 
high-,  and  middle-energy  lines.  The  pumping  rates  for  ions  in  a given  type  of 
site  depend  explicityly  on  the  ground-state  concentration  of  these  ions  and 
the  energy-transfer  probability  depend  on  the  ground-state  concentration  of 
activator  ions.  The  assumption  is  made  that  the  ground-state  populations  of 
ions  in  specific  sites  are  equal  to  the  total  concentration  of  these  ions.  This 
is  a valid  assumption  at  the  low-excitation  levels  used  here.  The  rate  equations 
for  the  excited  state  populations  are 


dnM 

“dt  “ WM  “ ®MnM  ~(PMH  + PML)nM  + PHM°N  + PLMnL 


dt  “ WH  “ Bh"h  (PHM  +/HL)nH  + PMHnM  + ?LHnL 
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TABLE  I 


FLUORESCENCE  INTENSITY  RATIOS  FOR  HIGH  ENERGY  EXCITATION 
MEASURED  AT  DIFFERENT  TIMES  AFTER  PULSE  (FIGURE  19) 


ps  After  Pulsa  *8/^  *L/IM 


25 

.074 

.103 

50 

.084 

.100 

TOO 

.092 

.140 

200 

.088 

.160 

300 

.085 

.152 

400 

.110 

.187 

500 

-- 

— 

600 

.128 

.212 

700 

.159 

.256 

800 

.120 

.258 

900 

.153 

.251 

1000 

.150 

.275 

1100 

.158 

.277 

1200 

.172 

.225 

1300 

.142 

.270 

142 


, „L  - Bl„l  -(Plm  + P^  + P^  + P^.  (3) 

The  time  dependences  of  the  populations  obtained  from  solving  these  equations 
are  proportional  to  the  observed  fluorescence  intensities.  To  obtain  a 
tractable  solution  we  assume  a 6-function  excitation  and  neglect  the  small 
differences  in  fluorescence  lifetimes  and  radiative-decay  rates  for  ions  in  the 
three  different  sites.  Numerous  attempts  were  made  to  fit  the  TRS  data  shown 
in  Fig.  2 for  high-energy  excitation.  The  only  good  fit  which  was  found  was 
based  on  selective  excitation  of  the  ions  giving  rise  to  the  middle-energy  line 
and  electric  dipole-dipole  enegy  transfer  to  ions  in  the  higher-  and  lower- 
energy  sites  with  negligible  back  transfer.  The  resulting  equation  are 


h *H(0)  , PMH 

' V0)  PMH  + PP 


* exPl<PMH  + V"  - P~ Tp-  • 

Mn  ML 


it  V0>  , PML 
im‘V°>  pmh  + pml 


- e«l’[‘PHB  + PHL)t]  - * ~ P~ 

MH  ML 


h + h IH(0)  + IL(0) 
Hi  i^o)  + l 


CXp^PMH  + PML^-1‘ 


These  expressions  give  the  fits  to  the  data  shown  as  solid  lines  in  Fig. 2 


obtained  by  treating  and  P__  as  adjustible  parameters.  The  procedure  for 

Mn  ML 


144 


A 


obtaining  these  fits  was  first  to  plot  the  ratio  (IH  + 1^)/^  on  a semilog 

scale  versus  time  to  different  powers  in  order  to  determine  the  time  dependence 

of  the  ene  rgy  transfer.  The  energy-transfer  rate  for  a single-step  process 

16 

between  randomly  distributed  sensitizers  and  activators  is  given  by 

PSA  “ r(1"3/<l>3  CA(t/T)3/q* _1»  (7> 

where  q-6,  8,  or  10  for  electric  dipole-dipole,  dipole-quadrupole,  and  quadrupole- 

quadrupole  interactions,  respectively;  RQ  is  the  critical  interaction  distance; 

and  C.  is  the  activator  concentration.  In  this  case,  the  results  are  consistent 
A 

-3  -k 

with  a t“  time  dependence  with  + P^  “ 6.35  x 10  ysec  . These  results 

were  used  in  Eqs.  (4)  and  (5)  to  fit  the  IH/IM  and  IL/IM  curves  of  Fig.  2.  This 

-3  -k  -3  -k 

gives  P.„*4.49  x 10  psec  and  P._“1.86  x 10  ysec 
MH  ML. 

The  values  for  the  critical  energy-transfer  distances  can  be  found  by 

substituting  the  measured  values  of  the  energy-transfer  rates  into  Eq.  (7). 

To  do  this,  it  is  necessary  to  know  the  value  of  the  activator-ion  concentration, 

3+ 

which  means  in  this  case  knowing  the  number  of  Eu  ions  in  each  different  kind 

of  site.  Although  this  is  difficult  to  determine  accurately,  a reasonably 

good  estimate  can  be  obtained  by  comparing  the  relative  intensities  of  the  three 

lines  normalized  to  the  total  emission  for  all  excitation  wavelengths  across 

the  absorption  line  at  short  times  after  the  laser  pulse.  Then,  the  maximum 

intensity  of  each  line,  adjusted  to  account  for  differences  in  total-excitation 

energy,  is  taken  to  be  an  indication  of  the  concentration  of  europium  ions  in  the 

3*4* 

type  of  site  giving  rise  to  the  line.  The  results  Indicate  that  0.28  of  the  Eu 
ions  are  in  the  type  of  sites  giving  the  high-energy  emission  line;  0.57  of  the 
ions  are  in  the  sites  having  the  middle-energy  emission  line;  and  0.15  of  the 
ions  are  in  the  low-energy  sites.  Using  these  numbers  in  Eq.  (7)  gives  values  of 
Rq(MH)  - 8.8  and  RQ(ML)  - 8.2X.  The  accuracy  of  these  estimates  depends  on  the 


I 


amount  of  variation  in  oscillator  strengths  in  the  different  types  of  sites  and 
the  fluorescence  lifetime  measurements  indicate  that  this  is  probably  less  than 


10Z. 


A theoretical  estimate  for  Rq  can  be  obtained  from  the  expression 

d /•>  f o °/a  2 2 3 4~2 
R0  = (3e  f SfA^TS/8lT  m C n VSA)  * 
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(8) 


where  f_  and  f.  are  the  oscillator  strengths  of  the  sensitizer  and  activator 
S A 

transitions,  0 is  the  overlap  integral  of  the  absorption  spectrum  of  the  activator 

and  the  emission  spectrum  of  the  sensitizer,  n is  the  index  of  refraction,  and 

is  the  average  wave  number  in  the  region  of  spectral  overlap.  To  determine 
bA 

Rq  accurately  from  this  expression,  it  would  be  necessary  to  observe  transitions 
from  the  "*Dq  level  to  the  ground  state  in  both  absorption  and  emission.  Since 
these  are  forbidden  transitions  and  thus  very  weak,  it  is  difficult  to  observe 
them  accurately  with  the  required  resolution  to  separate  the  lines  from  ions  in 
different  sites.  However,  if  it  is  assumed  that  the  line  positions  and  shapes 
are  determined  primarily  by  the  "*Dq  level,  the  fluorescence  spectra  such  as  those 
shown  in  Fig.  1 can  be  used  to  determine  spectral  overlap.  This  can  be  done 
using  the  expression  for  the  convolution  integral  of  two  overlapping  Lorentzian 
line-shape  function 


ft  = gg(v)gA(\Odtf 


<«s  +4V2  + (,s 


(9) 


where  is  the  peak  position  and  AV  is  the  Lorentzian  contribution  to  the  line 
width.  Analyzing  the  Voigt  profile  of  the  observed  line  shape  Indicates  that 
Lorentzian  linewidths  are  -1.09  cm  * which  gives  ft(MH)  ■ 0.056  cm  and  (](ML)  ■ 0.26  cm. 
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The  \ •*  7Fq  transition  is  a forbidden  transition  whose  oscillator  strength 
will  be  less  than  10  In  this  case,  Eq.  (8)  predicts  values  of  equal 

to  or  less  than  those  obtained  from  fitting  the  TRS  results.  Since  Eq.  (7)  is 
derived  assuming  a random  distribution  of  activators,  any  aggregating  of  the 

3+ 

Eu  ions  would  cause  the  experimentally  detemlned  values  of  R^  to  be  smaller. 

Although  the  estimates  for  the  oscillator  strengths  and  overlap  Integral  are 

very  crude,  all  parameters  in  Eq.  (8)  are  taken  to  the  ^th  power  and  thus  the 

0 

resulting  estimates  for  R^  should  be  reasonable.  Since  the  estimates  for  these 
parameters  are  probably  high,  the  predicted  values  of  R^  are  at  least  good  upper 
limits . 

The  TRS  results  for  low-energy  excitation  shown  in  Fig.  3 are  more  difficult 
to  interpret  quantitatively.  It  appears  that  the  low-energy  site  is  pre- 
ferentially excited  and  both  energy  transfer  and  back  transfer  occur  among  all 
three  types  of  sites.  Equations  (l)-(3)  can  be  solved  to  describe  this  situation 
but  the  resulting  expressions  have  too  many  adjustable  parameters  to  allow  for 
a unique  fit  to  the  data  to  be  obtained. 

D.  DISCUSSION 

The  results  described  above  indicate  that  there  are  three  major  types 

3+ 

of  crystal  field  sites  for  Eu  ions  to  occupy  in  YVO^  crystals  and  that  the 
values  of  the  critical-interaction  distances  for  ions  in  these  different  types 
of  sites  are  of  the  order  of  8X.  This  is  much  smaller  than  the  average 
separation  of  uniformly  distributed  europium  ions  of  25&  in  a sample  containing 
1.0-at.%  Eu^  which  indicates  that  the  europium  ions  in  different  sites  may 
tend  to  form  clusters.  Spectroscopic  eveidence  for  defect  clustering  has 
beeen  observed  in  other  systems20*21  an(j  *t  has  been  found  previously  that 

energy  transfer  is  more  efficient  between  ions  within  a cluster  than  to  more 

..  „ _ . 21,22 

distant  ions. 
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3+ 

The  Eu  ions  substitute  for  the  Y ions  in  yttrium  orthovanadate  and 
are  in  a site  of  symmetry  with  ten  vanadate  sites  and  four  other  yttrium 
sites  within  5&  away.  There  are  two  equivalent  types  of  sites  related  by  a 
90°  rotation  about  the  c axis.  The  ionic  radius  of  Eu^*  is  1.03^  which  is 
somewhat  larger  than  the  0.93&  radius  of  Y^+.  From  previous  studies  of  host- 

3+ 

sensitized  energy  tranfer  in  this  material  is  known  that  Eu  impurity  ions  create 
local  distortions  in  the  neighboring  V0^  complexes  These  local  dis- 

tortions may  be  different  in  the  two  types  of  yttrium  sites  making  them  non- 
equivalent. Also  having  nearby  europium  ions  due  to  clustering  can  give  rise 
to  different  nonequivalent  sites.  In  addition,  one  of  the  major  problems  of 
yttrium  orthovanadate  crystals  is  the  presence  of  imperfections  introduced 

during  crystal  growth.  If  a chemical  or  structral  imperfection  is  located 
3+ 

near  to  the  Eu  ion  different  types  of  sites  could  result.  Thus,  there  are 

3+ 

several  possible  origins  for  the  different  types  of  crystal-field  sites  for  Eu  . 

3+ 

There  has  been  some  previous  evidence  for  different  types  of  sites  Nd  in 

23 

YVO^  at  higher  concentrations,  which  is  not  observed  at  lower  concentrations. 

3*4" 

This  may  again  indicate  clustering  is  important.  However,  in  the  Nd  case, 

the  energy  difference  between  sites  is  several  hundred  wave  numbers  as  compared 

3+ 

to  the  very  small  splitting  of  only  a few  wave  numbers  observed  here  for  Eu 

Recently,  there  has  been  a significant  amount  of  interest  in  characterizing 

the  dependence  of  energy  transfer  rates  on  the  differences  in  transition  energies 

A 5 7-9 

of  the  sensitizer  and  activator  ions  and  on  temperatures,  * * This  interest 

Is  derived  from  the  fact  that  the  use  of  high-reaolution  laser  excitation  allows 

the  study  of  energy  transfer  between  ions  whose  energy  mismatch  is  so  small 

that  the  density  of  single  phonons  available  to  conserve  energy  is  negligible, 

and  thus  the  usual  treatments  of  phonon-assisted  energy  transfer  do  not  apply. 

8 9 

Because  of  this,  Holstein  and  co-workers  * have  developed  theories  of 
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two-phonon-asslsted  energy  transfer,  which  show  that  the  different  types  of 

possible  two-phonon  processes  give  rise  to  a variety  of  dependences  on  temperature 

3+ 

and  energy  mismatch.  For  the  results  obtained  on  Eu  ions  with  high-energy 

excitation,  the  energy- transfer  rates  to  the  high-  and  low-energy  lines  from  the 

2 

middle  line  are  approximately  proportional  to  1/AE  where  AE  is  the  energy 

difference  between  the  middle  line  and  either  the  high-  or  low-energy  lines. 

The  temperature  dependence  of  the  transfer  rates  for  this  case  is  very  weak, 

approximately  proportional  to  the  homogeneous  line  broadening.  These  results 

are  consistent  with  standard  resonant  energy-transfer  theory  where  the  temperature 

and  energy  mismatch  dependences  are  contained  in  the  spectral  overlap  factor 

as  given  by  Eq.  (9).  If  the  linewidths  Aw  are  small  compared  to  the  line 

2 

splittings  AE,  this  predicts  P “Aw/AE  . Although  this  is  only  marginally 

oA 

true  in  this  case,  this  simple  theory  appears  to  give  the  most  satisfactory 

24 

description  of  the  observed  results.  Orbach  has  pointed  out  that  the  spectral- 

overlap  approach  is  valid  for  this  situation  if  in  addition  the  energy  mismatch 

and  the  linewidths  are  much  less  than  kT.  All  of  these  criteria  are  met  in  the 

case  discussed  here.  Also,  if  the  transfer  occurs  between  europium  ions  only 

8$  apart  as  concluded  above,  the  long-wavelength  phonon  approximation  will  be 

valid  and  such  things  as  phonon- interference  factors  can  be  neglected. 

In  summary,  high-resolution  laser  time-resolved  site-selection  spectroscopy 

has  been  shown  to  give  useful  information  on  the  characteristics  of  energy 

3+ 

transfer  between  europium  ions  in  yttrium  orthovanadate  crystals.  The  Eu 
ions  are  shown  to  occupy  several  different  types  of  crystal-field  sites  and 
are  probably  in  clusters.  The  energy-transfer  mechanism  is  electric  dipole- 
dipole  interaction  and  the  transfer  takes  place  over  distances  of  the  order  of 
8fl.  The  characteristics  of  the  energy  transfer  can  be  successfully  explained 
using  a resonant  interaction  theory  and  the  properties  of  spectral  overlap. 
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The  characteristics  of  the  fluorescence  emission  and  energy  transfer  are 
critically  dependent  on  the  exact  wavelength  of  excitation  and,  in  some  cases 
the  results  are  too  complicated  to  interpret  through  a simple  rate-equation 
approach. 
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V.2  Energy  Transfer  Among  Nd  Ions  in  Y^Al^-O^  and  Y^Ga^O^  Crystals 
A.  Introduction 

3+ 

Although  Y^A1^0^2:Nd  is  one  of  the  most  important  and  most  studied 

crystalline  laser  materials, ^ there  are  still  some  Important  physical  properties 

of  this  system  which  are  not  well  characterized  and  understood.  Energy  transfer 

between  neodymium  ions  is  one  example  of  a physical  process  which  has  not  been 

thoroughly  investigated  in  this  host.  We  report  here  the  results  of  an  investi- 

3+ 

gation  of  energy  transfer  among  Nd  ions  in  both  Y^Al^O^  and  Y^Ga^O^ 
crystals.  The  technique  of  laser-excited,  time-resolved  site-selection  spectro- 


scopy was  employed.  The  time  dependence  and  temperature  dependence  of  the 
energy  transfer  was  found  to  be  consistent  with  two-phonon  assisted  migration 
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excitation.  The  fast  pulse  capabilities  allow  time-resolved  spectroscopy 
techniques  to  be  used  to  characterize  the  time  evolution  of  the  energy  transfer 
whereas  the  high  resolution  capabilities  allow  the  probing  of  the  effects  of 
the  inhomogeneities  in  the  system.  Studies  of  the  latter  type  can  be  divided 
into  two  categories.  The  first  includes  the  ultra-high  resolution  investi- 
gations utilizing  the  fluorescence  line  narrowing  of  an  inhomogeneously  broad- 
3 

ened  transition.  The  second  involves  systems  whose  inhomogeneities  give  rise 

to  significantly  different  crystal  field  sites  for  the  active  ions  thus  allowing 

the  transitions  from  ions  in  nonequivalent  crystal  field  sites  to  be  distinctly 

4 

resolvable  in  the  spectrum.  These  new  experimental  techniques  have  resulted 
in  the  requirement  for  new  theoretical  models  for  interpreting  the  data  which 
account  for  the  effects  of  both  spatial  and  spectral  randomness  on  the 
characteristics  of  energy  transfer. So  far,  these  Investigations  have  been 
applied  to  only  a very  few  cases  and  continued  experimental  and  theoretical 
efforts  are  both  still  necessary. 

The  motivation  for  the  work  described  here  was  to  further  our  knowledge  of 

3+ 

the  effects  of  different  microscopic  environments  on  the  properties  of  Nd  ions 

3+ 

and  the  transfer  of  energy  between  Nd  ions  in  garnet  crystals.  Obtaining 

3+ 

this  type  of  information  on  Nd  doped  garnet  materials  is  of  special  interest 
because  of  the  relevance  it  has  to  the  laser  performance  of  these  materials.^ 

It  was  also  hoped  that  our  general  understanding  of  the  physics  of  energy  trans- 
fer between  ions  in  solids  could  be  enhanced  by  this  work  and  especially  that 
the  experimental  information  obtained  by  new  laser  spectroscopy  techniques 

could  be  used  to  check  the  validity  of  some  of  the  proposed  theories  of  energy 

3+ 

transfer.  Again  the  Nd  -garnet  system  was  thought  to  be  a good  choice  for  this 
type  of  fundamental  study  since  so  much  previous  work  has  been  done  in 
establishing  the  spectral  properties  of  these  materials  such  as  transition 
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matrix  elements  and  branching  ratios.  The  results  of  this  investigation  indicate 
that  the  characteristics  of  energy  transfer  in  YAIG-Nd  crystals  are  quite 
different  than  previously  thought. ^ A combination  of  proposed  theories  of 
migration  kinetics  and  phonon  assisted  ion-ion  interaction  is  shown  to  adequitely 
explain  the  major  portion  of  the  results.  However,  as  has  generally  been  the 
case  when  the  microscopic  details  of  a complex  system  are  probed,  the  results 
are  quite  complicated  and  some  of  them  are  not  completely  understood.  We  also 
point  out  where  further  theoretical  development  is  necessary  to  provide  a more 
exact  description  of  the  real  physical  situation  being  investigated. 

B.  Theoretical  Background 

The  theoretical  approach  generally  used  in  recent  investigations  of  energy 

7 8 

transfer  between  rare  earth  ions  in  solids  ’ was  developed  by  Yokota  and 
9 

Tanimoto  and  includes  terms  for  both  the  migration  of  energy  among  sensitizer 
ions  as  well  as  the  direct  transfer  of  energy  from  an  excited  sensitizer  to  an 
unexcited  activator  ion  by  electric  dipole-dipole  interaction.  This  was  out- 
lined in  section  1II.1.  In  this  treatment  the  rate  equation  for  the  concentra- 
tion of  excited  sensitizers  n is 

s 

3n  /3t  - -B  N + DV2N  - ? W (R  )N  (1) 

s s s s I sa  is  ' ' 

where  Bg  is  the  intrinsic  decay  rate  of  the  sensitizer,  D is  the  diffusion 

coefficient  for  the  sensitizer  excitation,  is  the  separation  between  a given 

sensitizer-activator  pair,  and  W (R  ) represents  the  strength  of  the  energy 

8fl  1 

transfer  interaction  which  is  discussed  below.  To  obtain  the  expression  for  the 

time  dependence  of  the  concentration  of  excited  sensitizers,  Eq.  (1)  must  be 

Integrated  over  time  and  averages  over  the  spatial  distribution  of  activators. 

9 

This  is  a difficult  procedure  and  was  achieved  by  Yokota  and  Tanimoto  by  as- 
suming a uniform  distribution  of  activators,  using  an  operator  expansion  for  the 
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integrand,  and  dropping  terms  in  (Dt2  3W  3^3R  2)  for  n > 3.  Here  R is  the 

sa  sa  sa 

average  closest  sensitizer-activator  separtion.  Than  by  use  of  the  Pade 
approximant  technique  the  solution  of  Eq.  (1)  is  simplified  to 


N (t)  = N (0)exp[-B  t - ^tt3/2C  W 1/2R3 
s s r 8 3 asa  sa 


tl/2  | 1 + 10.87X  + 15.50X2  ]3/4 
\ 1 + 8.743X  / 


] (2) 


where  X - Dt2^^  ^R  2 and  C is  the  concentration  of  activator  ions.  At 
sa  sa  a 

short  times  after  pulsed  excitation  the  electric  dipole-dipole  interaction 
between  sensitizers  and  activators  dominates  the  energy  transfer  and  Eq.  (2) 
reduces  to  the  standard  time  dependent  expression  for  the  energy  transfer  rate 
in  the  absence  of  diffusion. ^ ^2  At  long  times  after  the  excitation  pulse  the 
diffusion  limited  situation  is  reached  in  which  the  time-independent  energy 
transfer  rate  can  be  expressed  as 


W * 4nDC  p 
s a 


p-  0.676  W 1/4R  3'V1/4 
sa  sa 


(3) 

(4) 


is  the  trapping  radius.  Both  of  these  two  limiting  cases  have  been  observed 

13  14 

in  studies  of  energy  transfer  between  rare  earth  ions  in  solids.  ’ For  the 
results  obtained  in  this  work  the  fluorescence  decays  are  found  to  be  exponential 
and  the  data  are  consistent  with  a time-dependent  energy  transfer  rate  indicating 
that  the  diffusion  limited  situation  is  applicable. 

It  should  be  mentioned  that  there  are  several  other  approaches  to  the 
treatment  of  energy  transfer  involving  both  diffusion  among  sensitizers  as  well 


as  direct  interaction  with  activators.  The  treatment  of  Kurskii  and  Selivanenko 

9 

has  been  shown  to  be  equivalent  to  that  of  Yokota  and  Tanimoto  when  used  to  fit 
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the  same  experimental  data.  The  results  of  Burshtein,^  et  al.  reduce  to  the 
expressions  of  Yokota  and  Tanimoto  in  the  limit  of  weak  diffusion  while  in  the 
limit  of  strong  diffusion  their  expressions  are  equivalent  to  those  of  the 
theory  developed  by  Soos  and  Powell^  which  is  applicable  to  the  physical 
situation  of  large  trapping  regions  surrounding  activators.  Thus  the  Yokota- 
Tanlmoto  formlism  outlined  above  appears  to  provide  the  best  available  description 
to  the  physical  situation  of  interest  in  this  work. 

New  it  is  necessary  to  obtain  the  theoretical  expression  for  the  dif- 
fusion coefficient  in  Eq.  (3)  in  terms  of  the  sensitizer  ion- ion  interaction 
rate.  This  is  a well  known  mathematical  problem  which  is  generally  treated 
by  setting  up  the  problem  in  a random  walk  formalism  and  showing  the  equivalence 

between  the  random  walk  picture  and  diffusion  in  the  limit  of  many  steps  in 
18 

the  random  walk.  In  this  approach  the  diffusion  coefficient  is  described 

in  terms  of  the  average  random  walk  hopping  time  t^  by  the  expression 
2 

D “ Rga  /(6t^).  The  hopping  time  is  then  expressed  in  terms  of  the  physical 

19 

interaction  causing  the  hop  to  occur.  Trlifaj  has  applied  this  approach  to 
the  specific  problem  of  excitons  migrating  via  electric  dipole-dipole  inter- 
action and  finds  the  resulting  expression  for  the  diffusion  coefficient  to  be 

D = 3.4C  4/3R  6W  <5> 

s ss  ss 

where  C is  the  sensitizer  concentration,  R is  the  sensitizer-sensitizer 
s ss 

separation,  and  Wgg  is  the  interaction  strength  between  two  sensitizers.  It 
should  be  noted  that  this  expression  is  exactly  true  only  for  the  case  of  a 
random  walk  on  a simple  cubic  lattice  with  each  step  having  the  same  hopping 
time.  For  the  physical  situation  of  interest  here  the  migration  occurs  on  a 
lattice  of  randomly  distributed  sites  resulting  in  the  possibility  of  signifi- 
cantly different  hopping  times  for  different  steps.  In  order  to  apply  this 
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result  to  the  case  of  Interest  It  Is  necessary  to  use  the  average  Nd  Ion 

separation  for  Rgg  and  the  average  Interaction  strength  at  this  separation. 

20 

Although  It  has  been  shown  that  the  formal  random  walk  results  remain  unchanged 
when  a small  hopping  time  dispersion  Is  Introduced  and  accounted  for  by  using 
the  average  value  of  t^,  It  Is  not  clear  that  a large  dispersion  In  hopping 
times  can  be  legitimately  handled  In  the  same  simple  way.  We  are  currently 
Investigating  the  effects  of  treating  broad  distributions 

21 

of  hopping  times  in  this  formalism  using  Monte  Carlo  numberical  procedures. 
However,  at  the  present  time  this  is  the  only  method  we  have  of  treating  the 
problem  and  thus  we  will  follow  the  usual  practice  of  utilizing  Eq.  (5)  with 
average  values  for  the  parameters. 

Finally,  it  is  necessary  to  decide  on  the  appropriate  expression  to  use  for 
the  ion-ion  interaction  rates.  This  depends  on  the  mechanism  of  the  interaction 
(exchange,  electric  dipole-dipole  etc.)  and  on  whether  the  transfer  is  resonant 
or  phonon  assisted.  These  questions  can  not  be  answered  until  the  experimental 
results  are  analyzed  but  it  is  possible  to  speculate  about  the  various  possibil- 
ities. First,  the  optical  transitions  of  trivalent  neodymium  ions  in  solids  are 

g 

generally  thought  to  occur  by  forced  electric  dipole  transitions  and  therefore 

3+ 

the  energy  transfer  between  two  Nd  ions  is  usually  considered  to  take  place 

22 

through  forced  electric  dipole-dipole  interaction.  Second,  it  has  bc<!n 
suggested  that  the  small  energy  mismatch  in  the  transitions  of  two  similar  ions 
must  be  made  up  by  two-phonon  processes  instead  of  a one-phonon  process  since 
the  density  of  states  of  very  low  energy  phonons  is  quite  small  and  a single  long 
wavelength  phonon  may  modulate  the  environments  of  two  closely  spaced  impurity 
ions  in  the  same  way  instead  of  providing  the  necessary  modulation  of  one  ion 
with  respect  to  the  other. ^ There  are  many  different  combinations  of  possible 
two-phonon  processes  resulting  in  a variety  of  different  possible  temperature 
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where 


r 

3 7 

dependences  for  the  energy  transfer  rate  such  as  T , T and  exp(-6/kfiT) 

6 is  the  energy  between  one  of  the  states  involved  in  the  energy  transfer 
transition  and  a real  intermediate  state  reached  by  the  phonos  involved. 

The  procedure  used  in  analyzing  the  data  in  this  work  was  to  first  deter- 
mine from  the  time  dependence  of  the  energy  transfer  rate  the  nature  of  the 
interaction  mechanism  and  whether  or  not  we  are  dealing  with  a diffusion 
limited  case.  Then  from  the  temperature  dependence  the  nature  of  the  phonon 
assisting  processes  was  determined.  Finally  the  magnitude  of  the  energy  transfer 
rate  determined  from  fitting  the  data  compared  to  that  predicted  by  the  expres- 
sion 

W - 21. 2C  C R„.6W  (T)3/AW  (T)1/4  (6) 

s a 8 r*d  ss  sa 

3+ 

derived  above  using  known  parameters  for  Nd  ions  in  garnet  crystal  hosts  and 

the  appropriate  expression  for  the  phonon  assisted  interaction  rate.  Here  both 

3+ 

R and  R have  been  set  equal  to  the  average  Nd  ion  separation  R^.  The 
ss  sa  no • 

details  of  this  procedure  are  described  further  in  Section  V. 

C.  Experimental 

The  samples  investigated  were  good  single  crystals  of  Y^Al^O^,  containing 

20  -3  19 

0.852  (1.17  x 10  cm  ; neodymium  and  Y^Ga^O^  containing  0.252  (3.23  x 10 

-3 

cm  ) neodymium.  These  were  mounted  in  a cryogenic  refrigerator  capable  of 
varying  temperature  between  about  7 and  300  K.  Broad  band  excitation  was  pro- 
vided by  a 150  W xenon  lamp  while  a nitrogen  laser  pumped  tunable  dye  laser 
was  used  for  selective  excitation.  With  rhodamine  6-G  dye,  the  laser  provided 
pulses  less  than  10  nsec  in  duration  and  less  than  0.4&  in  halfwidth.  The 
peak  power  of  the  pulses  was  approximately  20  kW  at  a 30  Hz  repetition  rate. 

The  sample  fluorescence  was  analyzed  by  a 1-m  spectrometer  capable  of  a reso- 
lution in  first  order  of  0.16&.  The  signal  was  detected  by  a cooled  RCA  C31034 
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photomultiplier  tube,  averaged  by  a boxcar  integrator  triggered  by  the  laser 
and  displayed  on  a strip-chart  recorder.  The  time  resolution  used  was  about 


0.1  usee. 

3+ 

Figure  1 shows  the  energy  levels  relevant  to  this  investigation  of  Nd 

in  the  tyo  types  of  garnet  host  crystals.  Our  results  are  quite  similar  to 

23-25 

those  published  previously.  With  the  experimental  equipment  described 

2 4 

above,  the  ions  are  pumped  in  the  various  components  of  the  ^-j/2  anc*  ^5/2 

4 

states  and  fluorescence  occurs  after  radiationless  relaxation  to  the  ^2/2 

levels.  We  monitored  the  fluorescence  transitions  from  this  metastable  state 

4 

to  the  four  lowest  components  of  the  I9/2  8round  state  manifold. 

Figure  2 shows  the  absorption  spectra  in  the  region  of  pumping  and 

fluorescence  at  room  temeprature  while  Fig.  3 shows  the  fluorescence  spectra 

at  room  temeprature  under  broad  band  excitation.  The  differences  in  relative 

peak  intensities  for  similar  lines  show  the  differences  in  oscillator  strength 

3+ 

and  branching  ratios  for  the  Nd  transitions  in  the  two  different  hosts. 

Figures  4 and  5 show  the  fluorescence  spectra  for  the  two  samples  at  low 
temperatures  under  selective  excitation  at  short  times  after  the  laser  pulse. 

The  structure  in  the  spectra  near  each  major  line  is  indicative  of  the 
variation  of  transition  energies  for  ions  in  nonequivalent  crystal  field  sites. 

The  variation  of  this  structure  with  pumping  wavelength  indicates  that  ions  in 
specific  types  of  crystal  field  sites  are  being  selectively  excited.  For  each 
sample,  comparison  of  the  intensities  of  the  same  transitions  in  absorption 
and  emission  spectra  show  that  the  branching  ratios  and  oscillator  strengths  are 
quite  different  for  ions  in  different  crystal  field  sites. 

The  fluorescence  lifetimes  were  measured  to  be  about  200  usee  for  the 
Y^A1^0^2  h°st  and  250  usee  for  the  Y3Ga5°12  host’  These  are  essentially 
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Fig.  3.  Room  tenperature  fluor.acanc  apactra  of  the  S3/2  - 4i g/2  transition, 
under  broad  band  excitation.  (See  Pig.  1 for  the  transition  designations 
of  the  lines. ) 
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different  narrow  line  laser  excitation  wavelengths. 


Fluorescence  spectra  of  V Ga  0 SNd  at  100  K for  two  different 


Fig.  8.  Time  Dependence  of  YAG:Nd  Fluorescence  at  75 


j 
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>.  Ratios  of  the  integrated  fluorescence  intensities  of  transitions 
3+  ' 

from  Nd  ions  in  different  crystal  field  sites  in  Y^GagO.^  as  a function 
of  time  after  the  laser  pulse  at  100  K.  A-Iq796  fl/I8788 

D‘I8744  X/I8732  8’  8/T8708  8*  (See  taXt  for  •^Planati°n 

of  theoretical  lines.) 


temperature  independent  for  the  range  investigated.  Also  they  were  found  to 

be  the  same  within  experimental  error  for  ions  in  all  of  the  major  sites 

which  could  be  electively  excited  in  both  host  crystals. 

The  relative  integrated  fluorescence  intensities  of  transitions  from  ions 

in  different  crystal  field  sites  change  as  a function  of  time  after  the  laser 

pulse.  Since  the  fluorescnece  lifetimes  are  found  to  be  essentially  the  same 

for  ions  in  all  major  types  of  sites  in  the  same  host,  this  time  depnedence 

can  be  attributed  to  energy  transfer  among  ions  in  different  types  of  sites. 

3+ 

Figures  6-8  show  examples  of  the  fluorescence  spectra  of  Nd  at  two  different 
times  after  the  laser  pulse.  Figure  9 shows  the  time  dependences  of  the 
relative  integrated  fluorescene  intensity  ratios  of  three  sets  of  lines  in  this 
spectrum.  Similar  results  are  observed  fro  the  yttrium-alluminum  garnet  host. 
The  time  dependences  are  much  stronger  at  high  temperatures  than  at  low  temp- 
eratures. However,  above  200  K no  site  selection  can  be  detected  probably  due 
to  the  phonon  broadening  of  the  terminal  state  of  the  pumping  transitions. 

Below  about  25  K the  time  dependence  of  the  relative  intensities  ratios  of 

3+ 

ions  in  different  types  of  sites  is  essentially  negligible  in  the  Y^Ga^O^ 

3+ 

sample.  At  these  lowest  temperatures  in  the  Y^Al^O^^d  sample  the  relative 
intensity  ratios  vary  with  time  in  the  opposite  direction  as  that  observed  at 
high  temperatures.  An  example  of  this  time  dependence  is  shown  in  Fig.  10. 

D.  Analysis 

The  time-resolved  site-selection  results  on  energy  transfer  between  ions 
in  different  types  of  crystal  field  sites  described  above  can  be  analyzed,  using 
a simple  two  site  model  with  the  rate  parameters  shown  in  Fig.  11.  The  rate 
equations  for  the  populations  of  the  excited  states  of  the  two  sites  can  be 
written  as 
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(6) 


dn  /dt  - W 
8 s 

dn  /dt  ■ W 
a a 


8n 


- u n + a)  n 
s s a a 


Bn  + u>  n - u)  n 
a s s a a 


(7) 


where  W and  W are  the  pumping  rates,  8 is  the  intrisic  fluorescence  decay 

S dL 

rate,  w and  w are  the  energy  transfer  and  back  transfer  rates  between  the 

S 3 

sensitizer  and  activator  sites  and  AE  is  the  energy  mismatch  between  the  ex- 
cited levels  of  the  ions  in  the  two  sites.  In  order  to  solve  these  equations 
a specific  mechanism  must  be  assumed  for  the  energy  transfer  process  to  deter- 
mine the  time  dependence  of  the  transfer  rate. 

3+ 

First  let  us  consider  the  data  obtained  on  the  Y^Ga^O^^d  sample.  The 

energy  transfer  was  characterized  for  an  excitation  wavelength  of  5886X.  At 

low  temperature  it  was  difficult  to  detect  any  time  dependence  of  the  relative 

fluorescence  intensities,  and  it  is  concluded  that  very  little  energy  transfer 

is  taking  place.  At  100  K a distinct  time  dependence  is  observed  as  shown  in 

Fig.  9.  The  three  lines  treated  as  sensitizer  intensities  all  appear  to  be 

associated  with  transitions  from  Nd  ions  in  the  same  crystal  field  subset  and 

all  the  activator  lines  are  from  transitions  from  ions  in  a different  subset. 

It  was  found  that  the  best  fits  to  these  data  could  be  obtained  only  by  assuming 

a time  independent  energy  transfer  rate  with  no  back  transfer.  Then  treating 

the  pumping  rates  as  delta  functions,  Eqs.  (6)  and  (7)  can  be  solved  for 

constant  oo  and  u>  to  give 
a s ° 


I /I 

a s 


(u  /tD  ) (1+n/n)  - (w/u-n  /n  )e 
F ^ ^ so  s a ao  so 

- (u>  +w  ) t 

(l+n  /n  )+(u>  /u>  -n  /n  )e  8 a 

AO  SO  S M on 


-(CD  +<l>  )t 

s a 
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where  K represents  the  ratio  of  the  oscillator  strengths  and  branching  ratios 

for  the  transitions  of  the  ions  in  the  different  crystal  field  sites.  The 

average  value  of  the  energy  transfer  rate  needed  to  give  the  solid  line  fits 

to  the  data  for  the  three  sets  of  transitions  is  listed  in  Table  1.  The 

best  fits  were  found  with  w = 0 sec 

a 

3+ 

The  data  for  the  Y^Al^O^'Nd  are  more  difficult  to  interpret  since  the 
transfer  proceeds  in  one  direction  at  15  K and  in  the  opposite  direction  at 


higher  temperatures.  The  low  temperature  data  in  Fig.  10  can  be  fit  by  either 
Eq.  (8)  or  a similar  equation  with  the  transfer  rate  replaced  by  w-Hot  to  show 

an  explicit  time  dependence.  As  the  solid  and  dashed  lines  in  that  figure 
indicate,  the  t time  dependence  for  the  transfer  rate  gives  a somewhat 
better  fit  to  the  data  than  the  constant  rate  but  the  latter  can  not  be  ruled 
out  by  this  analysis.  The  fitting  parameters  are  listed  in  Table  1. 

The  temperature  dependence  of  the  energy  transfer  rate  can  be  determined 


from  Eq.  (8)  and  measurements  at  very  short  and  long  times  after  the  laser 

3+ 

pulse.  The  results  for  the  Y^Ga^O^^^d  are  shown  in  Fig.  12.  Above  about 
30  K the  transfer  rate  is  found  to  increase  exponentially  with  an  activation 
energy  of  about  83  cm  \ In  analyzing  these  data  the  factor  K accounting  for 


differences  in  branching  ratios  is  taken  to  be  independent  of  temeprature. 


3+ 

A similar  analysis  was  made  of  the  Y^Al^O^^Nd  data  and  an  exponential 
temeprature  dependence  was  again  found  for  the  transfer  rate  as  shown  in  Fig. 
11.  In  this  case  the  weak  energy  transfer  observed  at  low  temepratures  was 
treated  as  a temeprature  Independent  back  transfer  process  at  high  tempertures. 
The  activation  energy  is  about  140  cm 

E.  Interpretation 

Since  the  observed  energy  transfer  rate  is  found  to  be  Independent  of 
time,  energy  migration  among  sensitizer  ions  may  be  treated  in  the  diffusion 


170 


s a 

Fig.  11.  Energy  level  and  transition  rate  model  used  for  explaining  energy 
transfer  between  Nd3+  ions  in  different  crystal  field  sites.  (See  text 
for  explanation  of  symbols . ) 
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TABLE  1:  Energy  Transfer  Parameters 


Y3A15°12sNd3+ 

Y3G.50i2,Kd3* 

20  -3 

(1.18  x 10  cm  *) 

(3.24  x 1019cm"3) 

SPECTRAL  PARAMETERS: 

C8(cm  3) 

1.1  x 1020 

2.7  x 1019 

C^tan  3) 

8.4  x 1018 

5.4  x 1018 

Avinhomo (cm-3) 
ss 

*v  1.5 

~ 1.5 

AE  (cm  *) 
sa 

5.2 

6.6 

AE12(cm  *) 

133  . 

80 

Hon"1) 

•v  7 

~ 5 

T (sec  ) 
s 

2.0  x 10"4 

2.5  x 10"4 

ESTIMATED  PARAMETERS: 

,2  „6  , 4 

J,lVi  (C*  > 

0.6  x 10"50 

3.5  x 1C-50 

Ja2*Nd  (an  » 

12.0  x 10"50 

3.9  x 10"5° 

FITTING  PARAMETERS: 

a>8  (sec  *) 

3.9  x 102 

1.4  x 102 

u (sec  ) 

2.5  x 103 

0 

A (cm  1) 

140  ‘ 

8) 

AE  (cm  1) 

8S 

0.29 

0.35 

MODEL  PARAMETERS: 

• 

D (cm2 sec  1) 
o 

6.7  x 10’10 

2.9  x 10~10 

«/  2 -lx** 

D (cm  sec  ) 

3.5  x 10“10 

2.0  x 10“10 

ft* 

Hem) 

6.5  x 10~7 

5.5  x IQ"7 

*T  - 100  K;  **T  - 295  K 
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200  100 


Fig.  13.  Temperature  dependence  of  the  energy  transfer  rate  between  Nd 

ions  in  nonequivalent  crystal  field  sites  in  *3A15°i2*  ^See  te3tt  for 
explanation  of  theoretical  line.) 


limited  regime  and  the  use  of  Eq.  (6)  is  justified.  The  temperature  dependence 

appears  to  be  the  key  in  understanding  the  energy  transfer  in  this  case.  For 

an  exciton  hopping  type  of  energy  transfer  phonons  can  effect  the  hopping  rate 

26 

in  two  different  ways.  The  first  is  enhanced  diffusion  when  new  transitions 

13 

are  thermally  activated.  The  activation  energies  for  both  samples  are  con- 
sistent with  the  splitting  between  the  found  state  and  the  first  excited  states 

4 3+ 

of  the  I9/2  manifold.  This  explanation  might  be  reasonable  for  the  Y^Al^O^Nd 

sample  for  which  the  a-2  transition  is  much  stronger  than  the  a-1  transition. 

3+ 

However,  this  is  not  true  for  the  Y^Ga^0^2:Nd  sample  and  a consistent  explan- 
ation for  both  samples  should  be  expected.  The  second  possible  effect  is  a 
thermal  activation  required  for  either  the  hopping  or  trapping  steps.  The 
only  way  we  were  able  to  obtain  the  type  of  mechanism  that  appears  to  give  a 
consistent  fit  to  all  of  the  data  was  by  assuming  that  both  the  migration  and 
trapping  steps  are  themally  activated  by  one  of  the  two-phonon  assisted  energy 
transfer  processes  suggested  by  Hdlstein  and  coworkers'*  and  discussed  in 
Section  III. 2.  The  mechanism  providing  the  good  fits  to  the  data  is  one  in 
which  the  two  phonons  are  in  resonance  with  a nearby  real  electronic  state. 

The  transfer  rate  between  ions  i and  j for  this  mechanism  is 


Wij  * + J2 


2(AEi1> 


(AE^)2  + 8F2 


](- 


2r 


h (AE 


ij 


-o) [1  + exp(AE 

) J 


/kT) ]exp(-6/kT)  (9) 


where  and  are  tlie  matrix  elements  for  transfer  involving  the  initial 
exited  state  and  the  ground  state  and  for  transfer  involving  the  intermediate 
state  reached  by  the  phonons,  respectively.  AE^  is  the  energy  mismatch  between 
the  transitions  of  the  two  ions  involved  in  the  transfer  process,  6 is  the 
energy  of  the  resonant  phonons,  and  T is  the  width  of  the  intermediate  state 
reached  by  the  phonons.  For  the  Nd-Nd  energy  transfer  considered  here  the 
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exponential  factor  involving  6 dominates  the  temperature  dependence  and  is 

4 

consistent  with  the  splitting  of  the  lowest  two  components  of  the 
ground  state  manifold. 

If  both  sensitizer-sensitizer  and  senitizer-activator  interactions  are 
described  by  the  expression  for  two-phonon  assisted  energy  transfer  given  in 
Eq.  (9)  the  measured  transfer  rate  is  expressed  as 


r AE  /kT)^  J2  J2 

71  * 6 CaCAd  <r/  h)(1  + e ^ [~2~2  + 

a s ae  2 4 r 

ss 


xi-i-2  * ^4-  s i''s/kTi 

AE  AE  + 8r 

sa  sa 


where  it  has  been  assumed  that  AE  is  small  compared  to  T and  kT. 

ss 

The  solid  lines  in  Figs.  10  and  11  represent  the  best  fits  to  the  data 

given  by  Eq.  (10)  with  the  values  for  6 being  the  differences  between  the 

ground  and  first  excited  state  in  each  sample.  To  obtain  these  fits  to  the 

data  it  was  necessary  to  estimate  the  concentrations  of  sensitizer  and  activator 

ions,  the  strengths  of  the  matrix  elements,  the  widths  of  the  intermediate 

states  reached  by  the  phonons,  the  sensitizer-activator  energy  mismatches  and 

an  average  values  for  the  energy  mismatch  between  sensitizer  ions.  Although 

variation  of  oscillator  strength  between  ions  in  different  sites  complicates 

this  high  resolution  absorption  data  at  low  temperature  can  be  used  to  estimate 

the  concentrations  of  ions  in  different  sites  from  relative  line  strengths. 

For  the  types  of  sites  investigated  in  Y.jAljO^Nd3*  the  concentrations  are 

C “ 1.1  x 102^  and  C “ 8.4  x 10^  cm  ^ while  for  the  Y Ga,0  :Nd^+  sample 
s a 3 5 12 


they  are  C = 2.7  x lO1^  and  C = 5.4  x 10^®  cm 
s a 

22 

Kushida  has  modified  the  general  electric  dipole-dipole  energy  transfer 
10  11 

expression  of  FBrster  and  Dexter  to  apply  specifically  to  rare  earth  ions. 
The  squared  matrix  elements  can  be  estimated  from  his  expression 


2 12 
(2/3)(eVRV 

(2J  + 1)  (2J  +1) 

S a 


[ * Q8kl<JallU<k)|lJ8,>|2^  Z nakl<JaHu(k) 


where  f and  i indicate  the  final  and  initial  states  of  the  system  R is  the 
separation  between  the  two  ions  and  the  (l  are  the  Judd-Ofelt  parameters.  The 

transitions 
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latter  have  been  determined  by  Krupke  and  for  the  F ^/2~  *9/2 


the  expression  for  the  squared  matrix  element  becomes 


2 -23 

Jf±  « (1.39  x 10  J) 
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where  n is  the  refractive  index  of  the  crystal  at  the  wavelength  of  the 
fluorescence  X.  A factor  for  the  branching  ratio  must  be  included  to  determine 
the  squared  matrix  elements  for  specific  transitons  between  individual  crystal 
field  levels  within  the  ground  and  excited  multiplets.  For  the  two  transitions 
of  interest  in  expression  (10)  the  squared  matrix  elements  have  the  values 


J J = 0.6  x 10"50RNd‘6cm4;  jJ  = 12.0  x 10'5°RNd_6cm4 :Nd3+ 
J„1  - 3'5  * 10'50V6cm4;  Ja2  ‘ 3'9  x 10‘5\d"6cm4:Y3Ga5°12:Nd:,+ 


(13) 


The  level  width  of  the  intermediate  state  can  be  taken  from  measured 
spectral  data  to  be  about  7 cm  ^ for  the  aluminum  garnet  host  and  about  5 
cm-1  for  the  gallium  garnet.  Also,  the  sensitizer-activator  energy  mismatches 
are  measured  to  be  about  5.2  cm  ^ for  the  aluminum  garnet  sample  and  6.6  cm 
for  the  gallium  garnet. 
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The  various  estimated  values  of  the  parameters  given  in  the  preceding 

three  paragraphs  can  be  substituted  into  Eq.  (10).  The  remaining  unknown 

parameter  in  the  equation  is  the  average  transition  energy  mismatch  between 

two  sensitizer  ions.  An  upper  bond  on  AE  is  the  inhomogeneous  linewidth  for 

s s 

2 

the  sensitizer  transitions,  AE  inhomo  which  is  measured  to  be  of  the  order 

ss 

of  one  and  a half  wave  numbers.  The  best  fits  to  the  data  using  Eq.  (10)  are 
shown  as  solid  lines  in  Figs.  10  and  11.  They  required  values  of  AE  of 

S 8 

about  one-third  of  a wave  number  which  is  somewhat  less  than  the  inhomogeneous 
linewidth  as  expected. 

With  the  estimated  parameters  and  those  obtained  from  fitting  the  data, 
it  is  now  possible  to  obtain  a value  for  the  diffusion  coefficient  from  Eqs. 
(5)  and  (9)  with  the  temperature  dependence  expressed  explicitly  as 
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_ -6/kT 
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The  values  of  Dq  and  D at  room  temperature  are  listed  in  Table  1.  The 

26 

diffusion  length  Z can  be  estimated  from  the  expression 


(15) 


Again  the  room  temperature  values  of  this  parameter  are  listed  in  Table  1. 
Note  that  the  extrapolation  of  these  parameters  to  room  temperature  may  not 
give  exact  values  but  it  provides  useful  estimates  for  comparison  to  other 
data  obtained  at  room  temperature. 


F.  Discussion  and  Conclusions 

To  summarize,  the  time  dependent  and  temperature  dependent  data  obtained 
on  energy  transfer  between  Nd^-  ions  in  two  different  garnet  host  crystals 
can  only  be  explained  by  a multistep  energy  migration  process  where  both  the 
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hopping  between  ions  in  similar  types  of  sites  and  the  transfer  of  energy  to 

ions  in  nonequivalent  crystal  field  sites  take  place  by  a two-phonon  assisted 

mechanism  involving  resonant  transitions  between  the  ground  and  first  excited 

states.  For  both  hosts  the  sites  which  are  selectively  excited  by  the  narrow 

3+ 

band  laser  pulse  are  the  dominant  types  of  sites  for  Nd  ions  in  the  lattice 

whereas  there  are  significantly  less  Nd  ions  in  activator  type  sites.  The 

nature  of  the  different  types  of  crystal  field  sites  is  not  known  but  the 

3+  34. 

dominant  sensitizer  sites  may  be  Nd  ions  in  unperturbed  Y lattice  sites 

3+ 

whereas  the  less  populous  activator  sites  may  be  Nd  ions  in  sites  near  to 

lattice  defects  or  impurities  which  alter  the  local  crystal  field  environment. 

It  is  well  known  that  substitutional  impurities  purposely  introduced  into  the 

garnet  lattice  produce  a variety  of  sites  with  different  transition  energies 
3+  23  28 

for  Nd  ions.  ’ It  should  be  noted  that  time  independent  energy  transfer 
rate  could  also  indicate  single-step  transfer  between  sensitizer-activator 
pairs  all  at  the  same  fixed  distances.  This  type  of  distribution  is  not 

3+ 

physically  resonable  unless  some  clustering  of  Nd  ions  occurs.  Clustering, 
however,  would  lead  to  cross-relaxation  quenching  which  is  not  observed. 

The  major  complication  in  interpreting  the  results  is  the  complex  nature 
of  the  system.  The  excitation  energy  is  migrating  on  a lattice  of  randomly 
distributed  sites  with  a superimposed  random  distribution  of  transition 
energies.  No  exact  method  for  treating  this  problem  has  been  developed,  and 
it  may  be  that  numerical  techniques  are  the  only  possible  solution. The 
theoretical  approach  used  here  assumes  that  the  inhomogeneities  in  the  transition 
energies  are  more  important  in  determining  energy  transfer  characteristics 
than  the  Inhomogeneities  in  the  spatial  distribution  of  ions.  Thus,  the  ex- 
pression describing  exciton  diffusion  in  Eqs.  (3),  (5)  and  (15)  are  all  based 
on  a uniform  distribution  of  ions  with  the  transitipn  energy  inhomogeneities 
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sensitizer  concentrations,  the  diffusion  coefficient  for  Nd  excitons  will  be 

intrinsically  larger  in  the  Y^Al^O^  host  compared  to  the  Y^Ga^O^  host  due  to 

the  increased  values  of  the  matrix  elements  in  Eq.  (9)  which  make  W larger 

ss 

in  Eq.  (5).  Note  that  increased  inhomogeneous  broadening  will  decrease  Dq 

by  decreasing  W in  Eq.  (5).  There  are  two  previous  estimates  of  the  energy 
s s 

3+ 

diffusion  characteristics  for  the  Y^Al^O^^Nd  system.  Danielmeyer,  Blatte 
31 

and  Balmer  theoretically  estimated  a diffusion  length  of  about  50oX  from 

32 

spectral  considerations  and  Danielmeyer  determined  the  anomalously  large 

-72-1  3+ 

value  of  D ■ 5 x 10  cm  sec  for  a sample  containing  only  0.4%  Nd  from 

analyzing  its  single-mode  laser  operation.  The  time-resolved  site-selection 

technique  utilized  in  the  experiments  reported  here  is  the  most  direct  way 

of  characterizing  the  energy  migration  reported  thus  far. 

In  conclusion,  laser-excited  time-resolved  site-selection  spectroscopy 

34* 

has  been  used  to  characterize  the  transfer  of  energy  among  Nd  ions  in  two 
types  of  garnet  host  crystals  and  the  results  interpreted  in  terms  of  an 
exdton  diffusion  and  trapping  model.  Both  the  diffusion  and  trapping 
mechanisms  are  consistent  with  the  predictions  of  one  of  the  new  theoretical 
models  for  two-phonon  assisted  transfer  processes.  The  migration  parameters 
obtained  in  this  way  are  consistent  with  those  obtained  for  other  similar 
systems  but  it  is  obvious  that  there  is  an  Important  need  for  an  exact  way  to 
theoretically  treat  cases  of  energy  migration  on  a random  lattice. 
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V.3  Time-Resolved  Site-Selection  Spectroscopy  of  Nd  Ions  in  Mixed  Garnet 
Crystals 

A.  Introduction 

Neodymium  doped  yttrium  aluminum  garnet  has  been  established  as  one  of  the 

most  important  available  laser  systems.  It  has  been  shown  that  the  laser 

properties  can  be  altered  to  meet  specific  requirements  by  forming  different 

compositions  of  mixed  host  crystals  of,  for  example,  aluminum  and  gallium 
1 2 

garnet3.  * This  makes  it  important  to  characterize  the  optical  properties  of 
mixed  cvystal  systems  and  thus  far  only  a limited  amount  of  work  has  been  done 

3+ 

in  characterizing  the  properties  of  Y^(A1^  ^Ga^^O^Nd  . In  this  paper  we 
describe  some  of  the  effects  of  forming  mixed  crystals  on  the  energy  levels  and 

3+ 

dynamics  of  Nd  in  garnet  hosts.  Specific  emphasis  is  placed  on  studying  the 
effects  of  disorder  on  energy  transfer  between  the  Nd  ions. 

Most  of  the  previous  work  on  this  system  has  centered  around  characterizing 

4 4 12 

the  properties  of  the  ^-$12  ~ *11/2  trans^ti°ns  *-n  the  region  of  laser  action.  * 

4 

In  the  present  work  we  investigated  the  transitions  to  the  1^^  ground  state 

manifold.  The  shift  in  the  position  of  the  various  crystal  field  levels  is 

shown  to  be  linear  with  Ga  concentration.  The  addition  of  Ga  also  causes 

inhomogeneous  broadening  of  the  spectral  lines  and  an  analysis  of  the  line  shape 

shows  the  Ga  ions  to  be  generally  uniformly  distributed.  Narrow  line  laser 

3+ 

excitation  shows  that  Nd  ions  with  specific  Ga  environments  can  be  selectively 
pumped  and  the  emission  line  position  varies  linearly  with  pumping  wavelength. 

Distinct  structure  appears  in  the  spectral  lines  of  Nd  transitions  in 
mixed  crystals  indicating  that  some  sites  have  significantly  different  transi- 
tions energies  from  others.  Tunable,  pulsed  dye  laser  excitation  was  used  to 
selectively  pump  ions  in  one  type  of  site  and  the  time  evolution  of  the  spectrum 
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1-2  5 


was  monitored  to  characterize  the  transfer  of  energy  between  Nd  ions  in  two 

different  types  of  crystal  field  sites.  This  technique  of  time-resolved  site- 

3 

selection  spectroscopy  and  the  similar  higher  resolution  technique  of 

4 

fluorescence  line  narrowing  have  been  used  recently  to  probe  the  effects  of 
inhomogeneities  on  energy  transfer.  The  greater  detail  of  the  experimental 
results  available  through  these  techniques  has  lead  to  the  requirement  for  new 
theoretical  models  for  energy  transfer. For  the  case  of  Nd  in  mixed  garnet 
crystlas,  the  transfer  is  explained  by  a thermally  activated  migration  and 
trapping  process  where  the  thermal  activation  mechanism  is  one  of  the  recently 
proposed  two-phonon  processes.'’  This  is  consistent  with  the  results  reported 
earlier  for  energy  transfer  among  Nd  ions  in  Y^Al^O^  an<*  ^3Ga5°i2  ll08ts^  and 
the  effects  of  forming  a mixed  crystal  host  on  the  magnitude  of  the  energy 
transfer  parameters  is  discussed. 

The  samples  used  in  this  study  were  good  single  crystals  of  Y^(A1^  xGax^5°i2: 
3+ 

Nd  with  varying  concentrations  of  Ga  each  containing  approximately  IX  Nd. 

g 

The  laser  spectroscopy  apparatus  has  been  described  elsewhere.  It  provides 

pumping  in  the  region  of  the  spectrum  consisting  of  the  various  components  of 

2 A Q 

the  G-ji ^ and  G,.^  l®vels*  The  band  width  is  about  0.4A  and  the  time  resolution 

about  0.1  ysec. 


B.  Mixed  Crystal  Spectroscopy 
2 

Watts  and  Holton  have  reported  preliminary  work  on  the  spectra  of  the 

3+ 

Y (Alj_xGax)^0^2 ;Nd  system  including  differences  in  branching  ratios  and  . 

4 4 

cross  sections  for  the  ^2/2  ~ *11/2  Crans^c^ons*  Variations  is  fluorescence 

wavelengths  versus  pumping  wavelengths  were  also  reported  and  transitions  from 
ions  in  nonequivalent  types  of  crystal  field  sites  were  resolved.  We  have 


continued  characterizing  the  spectroscopic  properties  of  neodymium  in  this 
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4 4 

mixed  garnet  host  with  emphasis  on  the  F ^ ” J9/2  transitions*  These  are 

the  transitions  important  to  the  energy  transfer  properties  discussed  in  the 
following  section. 

The  crystal  field  splittings  of  the  energy  levels  in  mixed  garnet  crystals 

3+ 

are  found  to  be  between  those  of  Nd  ions  in  pure  aluminum  or  gallium  garnet 

hosts.  Figure  1 shows  an  example  of  the  energy  levels  observed  for  a crystal 

3+ 

of  Y^(A1q  5GaQ  5^5°12:^  ‘ These  are  consistent  with  previous  results. 

3+ 

Figure  2 shows  the  fluorescence  spectra  at  14  K for  Nd  ions  in  pure  aluminum 

and  gallium  garnet  hosts  and  mixed  crystals  with  three  different  compositions 

4 4 

in  the  region  of  the  ~ *9/2  transition8 • Several  Important  points  can 

be  made  concerning  the  comparison  of  these  spectra.  First,  each  individual 
transition  shifts  uniformly  in  position  as  a function  of  Ga  concentration,  but 
the  amount  of  shift  and  the  direction  differs  with  different  transitions.  These 
are  shown  in  detail  in  Fig.  3.  The  linear  variations  are  consistent  with  the 
linear  variation  in  the  garnet  lattice  parameter^’^  going  from  12.005^  in 
YjAl^O^  t0  12.265&  for  Y^Ga^O^t  but  a detailed  understanding  of  the  different 
shifts  for  different  transitions  has  not  been  developed. 

The  second  important  observations  concerning  the  spectra  In  Fig.  2 is 
the  increase  in  the  inhomogeneous  broadening  of  the  transitions  as  the  compo- 
sitions parameter  x is  increased  up  to  0.5.  The  transition  llnewidths  in  the 
pure  garnet  hosts  are  much  smaller  than  in  any  of  the  mixed  crystals.  For  the 

a-2  transition  Av.  . varies  from  abut  6.39  cm  ^ in  Y_A1,0, „ to  about 
inhomo  3 5 12 

28.9  cm  1 in  Y^(A1q  ^Ga^  5^5°i2‘  T*,e  Inhomogeneous  broadening  is  due  to  the 

3+ 

Nd  ions  being  distributed  in  a variety  of  sites  with  slightly  different 
crystal  fields  due  to  differences  in  microscopic  strains.  The  inequivalent 
sites  have  slightly  different  transition  energies  thus  broadening  the  spectral 
line.  The  linear  shift  in  peak  position  with  Ga  concentration  implies  that 
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Che  Inhomogeneous  spectral  profile  can  be  explained  by  a simple  statistical 
model.  As  an  example,  consider  the  a-2  transition  in  the  x ■ 0.5  composition 
sample.  This  is  shown  at  low  temperatures  in  Fig.  4.  About  each  Nd  ions 
there  are  ten  close  sites  that  can  be  occupied  by  either  Ga  or  A1  ions.  As  Ga 
is  substituted  for  one  A1  ion  the  Nd  transition  energy  shifts  1/10  of  the  way 
from  its  position  in  Y^Alj-O^  toward  its  position  in  Y^a^O^.  ^ere  are 
different  equally  spaced  line  positions  for  possible  Ga/Al  arragements  in 
this  model.  The  probability  of  a given  arragement  depends  on  the  number  of 
distinct  ways  in  which  this  arragement  can  occur.  The  points  in  Fig.  4 show 
the  predictions  of  this  model  which  fit  the  observed  llneshape  extremely  well. 
The  slight  deviation  in  the  wings  is  due  to  the  fact  that  we  have  assumed  no 
intrinsic  width  to  the  transitions  of  ions  in  specific  individual  sites.  These 
results  confirm  the  conclusion  that  in  general  there  is  a random  distribution 
of  Ga  ions  around  a Nd  site. 

The  third  observation  concerning  the  spectra  in  Fig.  2 is  that  a signifi- 
cant amount  of  structure  can  be  resolved  in  the  spectral  lines,  especially 
in  samples  with  high  gallium  concentrations.  These  are  due  to  Nd  ions  in 
significantly  different  types  of  sites. 

With  narrow  line  laser  excitation  it  is  possible  to  selectively  excite 
Nd  ions  in  specific  types  of  crystal  field  sites.  Figure  5 shows  an  example 

3+ 

of  this  for  the  Y,(Alrt  ,Ga  ,)  0 :Nd  sample.  As  the  laser  is  scanned  from 
shorter  to  longer  wavelengths  the  peak  positions  and  relative  intensities 
change  significantly.  The  fluorescence  lifetimes  also  vary  as  a function  of 
pumping  wavelength  in  the  range  from  200  ps  to  250  ps  which  are  the  fluores- 
cence lifetimes  of  Nd3*  ions  in  Y3A15012  and  Y3Ga5012  hosts,  respectively.  The 
lifetimes  are  essentially  independent  of  temperature.  The  spectral  changes 
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Lineshape  of  the  a-2  transition  at  14  K for  the  x - 0.5  host. 
(See  text  for  explanation  of  theorectical  points.) 
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14  K for  different  laser  excitation  wavelengths. 
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Fluorescence  spectra  at  two  times  after  the  laser  pulse  for 


with  pumping  wavelength  are  approximately  linear  as  shown  in  Fig.  6.  This 


shows  the  shift  in  the  a-2  line  position  to  lower  wavelengths  as  the  laser 
is  shifted  to  higher  wavelengths. 

C.  Time-Resolved  Spectroscopy 

The  fluorescence  spectra  for  different  excitation  wavelengths  were  monitored 

at  various  times  after  the  laser  pulse.  Figure  7 shows  an  example  of  these 
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results  for  the  Y^(A1q  5Gsq  5)5^12 sample  at  14  K.  Some  of  the  lines 
observed  at  short  times  after  the  pulse  decrease  as  a function  of  time  relative 
to  other  lines.  The  ratios  of  the  integrated  fluorescence  intensities  of  two 
sets  of  lines  in  these  spectra  are  shown  as  a function  of  time  in  Fig.  8.  For 
both  sets  of  lines  there  is  a significant  increase  in  these  ratios  at  short 
times  and  a tendency  toward  constant  values  at  long  times.  Similar  results 
were  observed  for  other  pumping  wavelengths  and  other  samples  with  different 
host  compositions.  The  time  dependence  is  observed  to  be  stronger  at  higher 
temepratures.  An  example  of  the  asymtotic  values  of  the  intensity  ratios  at 
long  times  after  the  laser  pulse  is  shown  in  Fig.  9 as  a function  of  tempera- 
ture. They  are  found  to  be  approximately  constant  at  low  temepratures  and 
increase  exponentially  at  high  temperatures. 

These  time-resolved  site-selection  spectroscopy  results  can  be  interpreted 

3+ 

in  terms  of  energy  transfer  between  Nd  ions  in  different  types  of  crystal 
fields  sites.  An  analysis  can  be  made  using  a simple  two  site  model  with  the 
various  parameters  shown  in  Fig.  10.  The  rate  equations  for  the  populations 
of  the  excited  states  of  the  ions  in  the  two  types  of  sites  are 

(1) 

(2) 


dn  /dt  " W -8  n -a)  n -Ha  n 
s sssssaa 


dn  /dt  " W -$  n -Ho  n -u)  n 
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where  W and  W are  the  pumping  rates,  0 and  0 are  the  intrinsic  fluorescence 
s a s a 

decay  rates,  and  to  and  <u  are  the  energy  transfer  and  back  transfer  rates 

S cL 

between  the  sensitizer  and  activator  sites.  AE  is  the  energy  mismatch 

Sd 

between  the  excited  levels  of  the  ions  in  the  different  types  of  sites.  These 
equations  can  be  solved  treating  the  pumping  rates  at  delta  functions.  The 
time  dependence  of  the  resulting  population  ratios  is  proportional  to  that  of 
the  observed  fluorescence  intensity  ratios.  The  magnitudes  of  the  transfer  and 
back  transfer  rates  can  be  treated  as  adjustable  parameters  in  fitting  the 
experimental  results.  We  attempted  to  fit  the  data  assuming  various  possible 
expressions  for  the  energy  transfer  rates  and  found  that  good  fits  could  be 
obtained  only  by  assuming  a time  independent  rate.  The  solutions  to  Eqs.  (1) 
and  (2)  in  this  case  give 


xa  ns<°)  ([na(0)/ng(0)  ](0/u>g)  + 1 - exp(-0t)} 

I K n (0)  a)  1 + ( [n  (0)  /n  (0)  ] (0/oj  ) - l}exp(-0t)  * 

s a a s a a 

where  0 » 0 + u)  -0  - oo  . K is  a proportionality  factor  including  the 

S S cL  Si 

ratios  of  radiative  decay  times,  oscillator  strengths  and  branching  ratios 
for  the  specific  transitions  involved  for  the  ions  in  the  different  types  of 
sites.  The  solid  lines  in  Fig.  8 represent  the  best  fits  to  the  data  using 
this  equation.  The  fitting  parameters  are  listed  in  Table  1. 

The  temperature  dependence  of  the  intensity  ratios  at  long  times  after 
the  excitation  pulse  in  this  model  can  be  expressed  as 


I /I  s K[n  (0)/n  (0)](w  /w  ) ■ w exp(-AE/kT). 
as  s a s a o 


The  data  in  Fig.  9 is  fit  with  an  activation  energy  of  95  cm  . a comparison 
of  the  low  temperature  and  high  temeprature  values  of  the  time-resolved 
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Temperature  dependence  of  the  integrated  fluorescence  intensity  ratios 
of  lines  from  Nd3+  ions  in  different  crystal  field  sites  at  250  usee 
after  the  laser  pusle  in  Y3 (A1Q  5GaQ  5>  5°12- 
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spectroscopy  fitting  parameters  listed  in  Table  1 shows  that  ui  is  responsible 

8 

for  the  Increase  in  the  intensity  ratios  as  temperature  increases. 

In  order  to  understand  the  results  of  the  above  analysis  of  the  data,  it 

is  necessary  to  have  a theory  of  energy  transfer  in  which  the  transfer  rate 

is  independent  of  time  and  increases  exponentially  with  temperature.  It  is 

important  to  note  that  the  thermal  activation  energy  is  much  larger  than  the 

energy  mistmatch  between  the  transitions  of  the  ions  in  the  different  types  of 

sites  and  Instead  is  similar  in  magnitude  to  the  crystal  field  splitting  of  the 

lowest  two  levels  of  the  ground  state  manifold.  This  might  be  expected  if  the 

a-2  transition  were  significantly  stronger  than  the  a-1  transition  which  is 

not  true  in  this  case.  These  results  are  consistent  with  those  obtained  recently 
3+ 

on  Nd  ions  in  unmixed  garnet  hosts  which  were  interpreted  in  terms  of  an 

exciton  migration  model  in  which  both  the  hopping  and  trapping  mechanisms  are 

assisted  by  two-phonon  Interaction  processes.^  This  theory  is  outlined  below. 

For  exciton  diffusion  with  a weak  sensitizer-activator  interaction  the 

9 

energy  transfer  rate  can  be  expressed  as  discussed  in  Sections  III.l  and  V.2 
is 


w 

s 


8.5C  D3/4W 
a sa 


l/4_  3/2 


sa 


and  the  diffusion  coefficient  can  be  expressed  as 


10 


(5) 
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3.4C 
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In  these  equations  C and  C 

3l  S 

and  activator  sites  while  H 


W . 

ss  (6) 

are  the  concentrations  of  ions  in  the  sensitizer 
and  W are  the  sensitizer-sensitizer  and 


ss  sa 

sensitizer-activator  interaction  strengths,  respectively.  R and  R are  the 

SS  ss 

nearest  distances  between  two  sensitizer  ions  and  between  sensitizer  and 
activator  ions.  If  all  of  the  Nd  ions  are  assumed  to  be  distributed  randomly 
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in  the  crystal,  these  can  both  be  set  equal  to  an  average  distance  R^.  The 
interaction  rates  can  be  expressed  in  terms  of  the  expressions  derived  by 
Holstein,  et  al.'*  for  two-phonon  assisted  transfer  processes.  In  this  case 
the  appropriate  process  involves  resonant  phonon  transitions  to  a real  inter- 
mediate state.  Using  this  expression  in  Eqs.  (5)  and  (6)  gives 

* AE  /kT  ... 


I ♦ -h  I3*!  — 


il'VSAT. 


ae  +ar 

sa 


Here  and  are  the  matrix  elements  for  transfer  involving  the  initial 
excited  state  and  the  ground  state  and  for  transfer  involving  the  intermediate 
state  reached  by  the  phonons,  respectively.  T is  the  width  of  the  intermediate 
state,  AE  is  the  energy  mismatch  between  the  transitions  of  the  two  ions, 

S3 

and  6 is  the  energy  of  the  resonant  phonons.  In  Eq.  (7)  it  has  been  assumed 

that  AE  is  small  compared  to  T and  kT.  For  the  system  investigated  here 

the  temperature  dependence  is  dominated  by  the  exponential  involving  6/kT 

where  6 is  consistent  with  the  crystal  field  splitting  of  the  lowest  two 

4 

Stark  levels  of  the  Ig/2 

A quantitative  estimate  of  the  energy  transfer  rate  can  be  obtained  from 

Eq.  (7).  The  parameters  used  for  doing  this  are  listed  in  Table  1.  The 

values  for  AE  , T and  the  sensitizer  and  activator  concentrations  are  obtained 
sa 

11  12 

from  spectral  observations.  The  results  of  Kushida  and  of  Krupke  have 

been  used  to  estimate  the  matrix  elements.  The  only  unknown  parameter  is 

-2  -1 

AE  . A value  of  4.8  x 10  cm  is  needed  for  Eq.  (7)  to  be  quantitatively 

8 S 

consistent  with  the  experimental  results.  This  is  smaller  than  the  inhomogeneous 


linewidth  of  the  sensitizer  transition  which  should  be  an  upper  limit  on 
the  value  of  AE 

ss 

Using  Eq.  (6)  and  the  above  method  of  fitting  the  experimental  data,  a 
value  for  the  exclton  diffusion  coefficient  can  be  obtained.  The  diffusion 


length  is  given  by  £ - /GDt  0 and  the  temperature  independent  part  of  the  dif- 

s 

fusion  coefficient  is  determined  from  D-D  exp(-AE/kT).  The  values  found  for 

o 

these  parameters  are  also  listed  In  Table  1. 

D.  Discussion  and  Conclusions 

In  summary,  laser  excited  site-selection  spectroscopy  investigations  of 
3+ 

Nd  ions  in  mixed  garnet  crystal  hosts  show  that  the  crystal  field  splittings 
vary  linearly  with  the  composition  parameter  x.  The  mixed  crystal  host  creates 

3+ 

nonequivalent  crystal  field  sites  for  the  Nd  ions  some  of  which  have  a random 
dlstrubution  of  closely  spaced  transition  energies  contributing  to  inhomo- 
geneous line  broadening  and  some  of  which  have  distinctly  resolvable  transitions. 
The  variation  of  spectral  properties  of  rare  earth  ions  in  noneqivalent  sites 

in  glasses  have  recently  been  studied  extensively  with  laser  site-selection 
13 

techniques.  The  site-selection  for  the  mixed  crystal  hosts  investigated 
here  varies  lin  early  with  laser  wavelength.  The  degree  of  site-selection 
observed  by  pumping  into  such  a high  energy  absorption  band  is  surprising 
due  to  the  homogeneous  broadening  arising  from  phonon  relaxation  processes. 
However,  the  termianl  levels  of  the  absorption  are  known  to  be  hypersensitive 
to  the  local  crystal  field.14 

The  model  used  here  to  interpret  the  results  on  energy  transfer  between 

3+ 

Nd  ions  in  nonequivalent  crystal  field  sites  in  mixed  garnet  crystals  is 

3+ 

consistent  with  that  used  previously  for  similar  work  on  Nd  ions  in 
Y^A1^0^2  and  Y^Ga^O^  *lost  crystals. ^ This  model  is  based  on  a multistep 
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energy  migration  with  both  the  exciton  hopping  and  trapping  steps  assisted 

by  resonant  two-phonon  processes.  Figure  11  shows  the  variation  of  the 

transfer  strength  with  the  host  composition  parameter  x.  The  transfer  strengths 

shown  here  are  the  observed  transfer  rates  with  the  factors  for  sensitizer 

3+ 

and  activator  concentrations  and  the  average  Nd  ion  separation  divided  out. 

The  results  show  that  the  transfer  strength  increases  as  x increases  up  to  the 
x - 0.5  sample  but  then  is  smaller  again  for  the  x « 1.0  host.  The  two  main 
parameters  which  could  effect  the  transfer  strength  are  the  Inhomogeneous 
broadening  of  the  sensitizer  transition  and  the  transition  matrix  elements. 
Comparison  of  Eq.  (7)  with  Fig.  11  shows  that  u>s  goes  in  the  opposite  direction 
as  would  be  predicted  by  the  effects  of  inhomogeneous  broadening  but  is  consistent 
with  the  observed  changes  in  matrix  elements.  This  is  consistent  with  the 
spectral  observations  in  Fig.  2. 

One  aspect  of  these  results  which  is  still  not  understood  is  the  nature  of 


the  small  amount  of  temperature  independent  back  transfer  which  was  found  in 
analyzing  the  time-resolved  spectroscopy  data  obtained  on  the  x ■ 0.50  sample. 


In  fitting  the  results  obtained  on  samples  with  different  values  of  x it  was 


sometimes  necessary  to  include  finite  values  of  u and  sometimes  not.  This 

is  similar  to  the  results  reported  previously  on  unmixed  garnet  hosts^  where 

it  was  found  that  no  back  transfer  was  necessary  in  fitting  the  data  obtained 
3+ 

on  Y^Ga^O^iNd  but  it  was  necessary  to  include  a small  amount  of  temperature 

3+ 

independent  back  transfer  in  fitting  the  data  on  Y^Al^O^^sNd 

In  conclusion,  varying  the  composition  of  mixed  crystal  hosts  can  be  used 
to  alter  the  properties  of  laser  materials.  Laser  site-selection  techniques 
are  useful  in  probing  the  properties  of  ions  in  different  types  of  sites  and 
fo  energy  transfer  between  these  ions.  However,  the  basic  diffusion  equations 
used  in  the  interpretation  of  these  results  are  all  based  on  migration  on  a 


* 
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lattice  of  uniformly  distributed  sites  and  it  is  important  for  a theory  to  be 
developed  which  treats  exactly  the  problem  of  migration  on  a lattice  with 
random  sites. 

i 
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VI.  CONCENTRATION  QUENCHING  IN  Nd  Y,  PE0, , CRYSTALS 

x 1-x  5 14 

A.  Introduction 

The  development  of  the  technology  of  fiber  optics  has  resulted  in  a 

requirement  for  miniature  optically  pumped  lasers  with  low  threshold  and  high 

gain.^  Stoichiometric  laser  materials  such  as  neodymium  pentaphosphate  (NdP^O^^) 

2-4 

meet  these  requirements.  Despite  the  significant  amount  of  work  that  has 
been  done  recently  there  are  still  some  aspects  of  the  luminescence  properties 
of  concentrated  Nd  materials  which  are  not  well  understood.  Complete  character- 
ization of  the  optical  properties  of  this  class  of  materials  is  important  not 
only  for  technological  design  considerations  but  also  for  obtaining  a basic 
understanding  of  the  physical  interaction  mechanisms  involved. 

The  most  important  property  of  stoichiometric  laser  materials  is  that 
they  exhibit  unusually  weak  concentration  quenching.  This  allows  the  concentration 
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of  neodymium  ions  in  NdP^O^^  to  be  very  high  without  significant  degradation  of 

the  fluorescence  and  lasing  properties  of  the  material.  The  characteristics 

of  the  concentration  quenching  in  stoichiometric  laser  materials  are  different 

3+ 

from  those  in  other  well  characterized  materials  such  as  Y^Al^O^Nd  and  the 

physical  mechanism  for  the  quenching  process  is  not  understood  at  this  time. 

Developing  a model  to  explain  concentration  quenching  in  NdP^O^  is  an  important 

problem  in  understanding  this  class  of  materials. 

To  date  three  basic  mechanisms  have  been  proposed  to  explain  the  concentration 

quenching  characteristics  of  stoichiometric  laser  materials.  All  have  been 

proven  unsatisfactory.  The  first  mechanism  postulated  was  cross-relaxation 

between  pairs  of  Nd  ions  in  the  bulk  of  the  crystal  which  predicted  a quadratic 

5—8 

concentration  dependence  for  the  quenching  rate  . This  prediction  is 

1-9 

inconsistent  with  experimental  results.  A second  suggestion  for  a quenching 

3+  10 

mechanism  Involved  crystal  field  overlap  mixing  effects  between  Nd  ions 

but  this  has  been  proved  wrong  by  the  observation  that  the  oscillator  strengths 

3+  11 

of  the  Nd  transitions  are  independent  of  concentration.  Finally,  energy 


migration  to  ions  in  randomly  distributed  sites  throughout  the  bulk  of  the 
crystal  acting  as  "sinks"  where  the  energy  is  dissipated  radlationlessly  has 
kAAn  aaaaaaaJ  9,12  » T*.  (aaA.imaAaI  .f  A aiaJa  1 .AAII^VAD  ("Ka  (inVAAl  4 Afl  A 


been  proposed. 


Unfortunately,  this  model  requires  the  unrealistic 


assumption  that  the  concentration  of  ions  in  quenching  sites  is  the  same  for 

9 

all  samples  independent  of  total  Nd  concentration.  We  recently  reported  pre- 

3+ 

liminary  results  indicating  that  spectral  energy  transfer  between  Nd  ions 

in  slightly  different  types  of  sites  is  not  taking  place  in  NdP^O^  as  it  does 

3+  13 

in  materials  such  as  Y^Al^O^’-Nd  even  at  low  concentrations. 

In  this  paper  we  report  the  results  of  an  Investigation  of  the  mixed 

crystal  system  of  Nd^Y^  x**5®i4  where  we  have  utilized  some  new  spectroscopic 

techniques  in  an  attempt  to  better  understand  the  concentration  quenching 
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mechanism  in  these  materials.  Laser  time-resolved  site-selection  spectroscopy 

was  used  to  investigate  energy  transfer  and  the  results  show  that  migration 

among  Nd  ions  in  non-equivalent  sites  does  not  take  place.  Photoacoustic 

spectroscopy  (PAS)  measurements  were  made  to  characterize  radiationless  relax- 

3+ 

ation  processes  among  the  excited  states  of  Nd  in  these  materials.  The  results 
are  not  consistent  with  those  expected  for  PAS  signals  originating  mainly  from 
those  phonons  due  to  relaxation  processes  from  higher  absorption  levels  to 
the  matastable  level.  A model  based  on  surface  quenching  of  the  excitation 
is  proposed  which  can  explain  the  observed  PAS  results  and  is  consistent  with 
all  the  other  spectroscopic  observations  obtained  on  this  material.  The 
possible  mechanisms  for  the  quenching  process  and  the  effects  of  radiative 
reabsorption  are  also  discussed. 

B.  Samples  and  Experimental  Equipment 

The  NdP,.0^  crystal  was  grown  from  solution  at  Philips  Laboratory  while 

the  mixed  crystals  were  grown  at  the  Army  Electronics  Command  Laboratories. 

Six  samples  of  Nd  Y P,0.,  ranging  from  x “ 1.00  to  x = 0.10  were  investigated. 

X 1—x  J 

These  consisted  of  small  crystallites  varying  in  size  from  about  2.0mm  on  a 
side  to  about  0.50mm. 

For  optical  spectroscopy  measurements  the  samples  were  mounted  in  a 
cryogenic  refrigerator  to  control  the  temperature.  For  photoacoustic  spectro- 
scopy the  samples  were  mounted  in  an  acoustical  vacity  and  the  signal  detected 
by  a 1-in.  electret  microphone.  The  excitation  source  for  obtaining  PAS  and 
fluorescence  excitation  spectra  was  a 1000-W  tungsten/halogen  lamp  passed  through 
a 1/4-m  monochromator.  For  measuring  fluorescence  lifetime  and  obtaining 
time-resolved  spectroscopy  data  the  excitation  source  was  a nitrogen  laser-pumped 
tunable  dye  laser  with  rhodamlne  6-G  dye.  This  provided  a pulse  of  about  10ns 
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in  duration  and  less  than  0.5&  in  halfwldth,  Sample  emission  was  analyzed  by 
a one-meter  monochromator  and  detected  by  a cooled  RAC  C31034  photomultiplier 
tube.  To  obtain  steady  state  spectral  data  the  incident  light  was  chopped  and 
the  signal  processed  by  a PAR  lock-in  amplifier.  For  processing  pulsed  signals 
a PAR  boxcar  averager  triggered  by  the  laser  pulse  was  used.  The  time  gate  of 
the  boxcar  was  either  set  to  observe  the  fluorescence  spectrum  at  a specific  time 
after  the  laser  pulse  or  scanned  to  obtain  the  fluorescence  as  a function  of  time 
at  a specific  wavelength. 

C.  General  Spectroscopy  and  Concentration  Quenching  Results 

The  absorption  spectrum  of  NdP^O^^  has  been  presented  elsewhere.^  It 

3+ 

is  similar  to  the  spectrum  of  Nd  ions  in  other  hosts  with  lower  doping  con- 
centrations. The  strongest  absorption  band  occurs  at  approximately  8OO0X 

4 

corresponding  to  the  transition  from  the  *9/2  8rovm<*  state  to  a band  consisting 

2 4 

of  the  unresolved  components  of  the  an<*  F5/2  ^eve^s  (see  the  energy 

3+ 

diagram  of  Nd  shown  in  Fig.  1) . The  second  strongest  absorption  band  occurs 

near  5800&  and  is  associated  with  the  unresolved  levels  of  the  ^G^  ^ and  ^ G 

levels.  After  absorption  into  any  of  the  higher  energy  levels,  radiationless 

4 

relaxation  occurs  to  the  T^/2  metasta^^e  state.  Fluorescence  emission  than 

takes  place  from  the  two  crystal  field  components  of  this  level  to  the  various 

4 7 

Stark  components  of  the  1^  multiplets.  Branching  ratios  determined  previously 

indicate  that  most  of  the  energy  is  emitted  in  the  transitions  terminating  on 
. 4t  4 

tne  1ll/2  and  *9/2  level8  centered  around  1.06ym  and  0.89ym,  respectively. 

The  fluorescence  spectrum  is  discussed  in  more  detail  in  the  next  section. 

4 

Figure  2 shows  the  fluorescence  excitation  spectra  of  the  *3/2  level 
monitored  at  8880X  at  room  temperature  for  both  NdP,.  °14  and  a mixed  crystal 
of  Ndg  5P5°14*  ^he  aPectra  are  quite  similar  for  the  pure  and  mixed  samples. 
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Excitation  Spectrum 


Concentration  dependence  of  the  V,/2  fluoreacenc.  lifetime 
and  quenching  rat.  for  “WxVu  at  14K.  See  text  for 
explanation  of  the  theoretical  line. 


In  particular,  the  excitation  bands  centered  at  ~800()X  and  ~580()X  are  comparable. 
The  relative  strength  in  the  absorption  spectrum  of  these  two  bands^  correlated 
with  the  fact  that  the  8OO0X  excitation  is  approximately  the  same  of  less 
intense  than  the  580C)X  band  in  the  excitation  spectrum  suggestes  that  the 

4 

longer  wavelength  band  is  less  efficient  in  contributing  to  ^ fluorescence 
than  the  shorter  wavelength  band. 

4 

Figure  3 shows  the  fluorescence  lifetime  of  the  F^ ^ level  at  room 

temperature  as  a function  of  Nd  concentration.  The  lifetime  decreases  from 

about  220ps  for  the  Nd~  „PC0, . sample  to  about  95ps  for  NdPcO,..  A 

0. 10. 95  14  5 14 

concentration  quenching  rate  can  be  defined  as 

w8  - - 'o'1  W 

where  Tq  is  the  Nd  fluorescence  lifetime  in  the  absence  of  any  quenching  inter- 
action. This  quenching  rate  is  also  plotted  in  Fig.  3 as  a function  of  con- 
centration. For  an  intrinsic  lifetime  of  ~220ys  the  plot  of  the  quenching  rate 

3/2 

varies  approximately  as  x 

4 

The  fluorescence  lifetime  of  the  F^^  ^eve^  was  measured  with  different 
wavelengths  of  excitation  as  a function  of  temperature  between  14K  and  300K. 

The  fact  that  a significant  variation  in  lifetime  with  excitation  wavelength 
was  observed  is  discussed  in  the  next  section.  The  temperature  dependence  of 
the  fluorescence  lifetime  of  NdP,.0^  for  two  different  wavelengths  of  excitation 
is  shown  in  Fig.  4.  There  is  a small  increase  in  lifetime  between  14  and  300  K. 

A similar  trend  is  observed  for  other  samples  and  other  excitation  wavelengths. 

D.  Time-Resolved  Site-Selection  Spectroscopy  Results 

The  optical  spectral  lines  of  impurity  ions  in  solids  all  exhibit  inhomo- 
geneous broadening  to  some  degree.  This  is  due  to  the  fact  that  imperfections 
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and  internal  strains  give  rise  to  non-equivalent  crystal  field  sites  for  the 

impurity  ions.  In  some  cases  the  site  differences  are  great  enough  that 

transitions  from  ions  in  different  types  of  sites  can  be  distinctly  resolved. 

High  resolution  lasers  have  been  used  to  selectively  excite  impurity  ions  in 

specific  crystal  field  sites  in  glass  and  crystal  hosts.  By  tuning  the  laser 

excitation  through  an  inhomogeneously  broadened  absorption  band,  it  has  been 

possible  to  observe  significant  variations  in  fluorescence  spectral  parameters 

such  as  peak  positions,  intensities,  and  radiative  and  radiationless  transition 
14 

probabilities.  If  pulsed  lasers  are  used,  time-resolved  spectroscopy  techniques 

allow  the  observation  of  fluorescence  spectrum  at  specific  times  after  the 

laser  pulse.  After  selective  excitation  of  ions  in  specific  sites  the  fluorescence 

spectrum  in  some  systems  has  been  observed  to  evolve  with  time  into  spectra 

exhibited  by  ions  in  other  types  of  sites.  This  implies  that  energy  transfer 

is  occurring  between  ions  in  different  types  of  sites  and  the  observed  time 

dependence  can  be  used  to  characterize  the  properties  of  the  energy  transfer 

and  help  in  identifying  the  mechanism  responsible  for  the  transfer  process. 

For  investigating  site  selection  spectroscopy  in  the  Nd^Y^  system 

2 4 

we  pumped  into  the  absorption  band  consisting  of  the  unresolved  ^-j/2  an<*  G5/2 
levels.  The  degree  of  site  selection  obtained  with  this  pumping  is  somewhat 
surprising  due  to  the  number  of  overlapping  levels  and  their  homogeneous 
broadening  resulting  from  radiationless  relaxation  processes.  However  these 
transitions  are  known  to  be  "hypersensitive"  to  changes  in  the  local  environment 
of  the  ion11’^’^  and  for  other  systems  such  as  Nd  in  mixed  garnet  crystals 

we  found  that  pumping  into  this  level  resulted  in  easily  observable  site-selection 

17  4 

and  energy  transfer.  The  fluorescence  was  monitored  from  the  F^2  leve^-  t0 

4 

the  various  components  of  the  I^^  8roun<*  state  manifold  in  order  to  minimize 
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Fig.  6.  Line  1 of  4F3/2  -*•  4Ig/2  fluorescence  in  Nd0.5Y0.5P5°14  after 

20ys  excitation  at  various  wavelengths. 
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Fig.  7.  Fluorescence  line  narrowing  in  Nd-pentaphosphate.  The 
narrowed  lines  are  constant  as  a function  of  time  after  the  pulse. 
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homogeneous  broadening  of  the  transitions  due  to  radiationless  relaxation 
processes.  As  the  narrow  line  laser  excitation  was  scanned  across  the  broad 
absorption  band  at  low  temperature,  for  all  of  the  samples  investigated,  changes 
in  the  relative  fluorescence  peak  intensities,  peak  positions,  and  lifetimes 
were  observed.  For  example,  for  the  NdP^O^  sample  at  14K  the  lifetimes  ranged 
from  63  us  to  105  us  depending  on  the  excitation  wavelength  whereas  at  300K 
they  varied  between  about  102  and  115  ys.  Figure  5 shows  an  example  of  the 
different  fluorescence  spectra  which  are  obtained  for  the  NdP^O^  sample  at  14K 
for  pumping  at  different  wavelengths.  The  distribution  of  the  intensity  among 
the  five  lines  and  the  fluorescence  lifetimes  differ  significantly.  The 
lifetime  is  67  ys  for  5785. 5$  excitation  and  77  ys  for  5837X  excitation.  The 
highest  energy  line  (labeled  1 in  the  figure)  shows  the  greatest  variation  with 
pumping  wavelength  but  there  are  relative  changes  in  the  intensities  of  all  of 
the  other  lines  also.  Figure  6 shows  an  expanded  picture  of  line  1 as  a function 
of  excitation  wavelength  as  14K  for  the  Nd^  ,.P,.0^  crystal.  Here  the  changes 
in  line  shape  and  peak  position  are  quite  evident.  For  the  583lX  excitation  the 
line  is  resolved  into  two  distinct  peaks.  Figure  7 shows  fluorescence  line 
narrowing  results  at  very  low  temperatures  for  two  excitation  wavelengths. 

The  spectral  as  well  as  lifetime  changes  as  a function  of  excitation 
wavelength  can  be  attributed  to  the  selective  excitation  of  Nd  ions  in  non- 
equivalent crystal  field  sites.  If  rapid  energy  migration  occurs  among  the 
Nd  ions,  the  spectra  should  evolve  with  time  into  some  characteristic  spectrum 
representing  the  average  distribution  of  the  energy  among  all  of  the  ions  in 
different  types  of  sites.  We  attempted  to  observe  this  by  monitoring  the 
spectra  as  a function  of  time  after  the  laser  pulse  in  the  range  from  1 to  200 
ys.  No  significant  time  evolution  of  the  spectra  was  detected  in  this  range 
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Fig.  8.  A)  Time  dependence  of  the  fluorescence  deviation  function  after 

excitation  at  5784. 5?  and  5837&  in  NdP.O,  • 

B)  Time  dependence  of  the  fluorescence  deviation  function  after 

excitation  at  5805. 5&  and  583S&  in  Nd_  _Y_  _P_0_  • 
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for  either  of  the  two  samples  investigated,  NdP^O^  and  Nd^  ^Y^  ^P^O^, 
any  wavelength  of  excitation  at  any  temeprature.  The  FLN  results  in  Fig.  7 
were  also  found  to  be  independent  of  time. 

In  order  to  quantitatively  describe  any  time  dependent  relative  changes 
in  the  spectra  obtained  for  two  different  excitation  wavelengths  a fluorescence 
deviation  function  can  be  defined.  The  spectrum  obtained  for  a given  excitation 
wavelength  is  represented  by  a five  component  function,  each  component  cor- 
responding to  the  ratio  of  the  integrated  intensity  of  one  of  the  lines  of  the 
4 4 

*9/2  trans*tions  t0  total  integrated  intensity  of  all  of  the  lines. 
Thus,  each  fluorescence  spectrum  can  be  characterized  by  a five  component 
vector.  Any  correlation  between  the  fluorescence  spectra  for  different  excit- 
ation wavelengths  can  be  seen  by  forming  the  vector  difference  between  the 
functions  describing  the  spectra  for  each  excitation  wavelength.  Figure  8 
shows  typical  results  for  the  fluorescence  deviation  as  a function  of  time 
after  the  laser  pulse  for  both  the  NdP,0, . sample  and  the  Nd_.  cYrt  _P_0, . at 
various  temperatures.  A value  of  D equal  to  0 would  indicate  an  identical 
distribution  of  relative  Intensities  in  the  five  spectral  lines  for  the  two 
excitation  wavelengths.  The  presence  of  energy  tranfer  between  Nd  ions  in 
different  types  of  sites  should  result  in  a time  dependent  decrease  in  D toward 
zero.  Instead,  for  all  cases  investigated,  D remains  within  experimental  error 
constant  with  time  indicating  that  no  energy  transfer  is  taking  place  between 
ions  in  non-equivalent  sites. 

The  temperature  dependence  of  the  fluorescence  deviation  function  for  NdP^O^^ 
is  shown  in  Fig.  9.  The  error  bars  indicate  the  spread  in  the  values  of  D for 
measurements  at  different  times  after  the  laser  pulse  at  each  tenperature. 

Since  the  decrease  in  D with  temperature  occurs  without  any  associate  time 
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dependence,  this  temperature  dependence  can  be  attributed  to  the  reduced  ability 
of  the  laser  to  selectively  excite  Nd  ions  in  specific  sites  at  high  temperatures. 
This  may  be  a result  of  homogeneous  broadening  of  the  absorption  levels  due  to 
electron-phonon  interactions. 

The  site-selection  spectroscopy  results  presented  above  show  that  Nd  ions 
in  pentaphosphate  hosts  occupy  different  types  of  crystal  field  sites.  Although 
the  exact  nature  of  these  different  sites  is  not  known,  they  are  probably  due 
to  differences  in  local  strains  resulting  from  structural  imperfections  and 
defects  in  the  crystal.  The  fact  that  no  energy  transfer  could  be  detected 
between  ions  in  different  types  of  sites  is  quite  surprising  in  light  of  the 
fact  that  similar  studies  made  on  Nd  ions  in  mixed  garnet  crystals  show  strong 
energy  transfer  between  ions  in  non-equivalent  sites. * it  is  important  to 

note,  however,  that  spatial  energy  transfer  between  Nd  ions  in  equivalent  sites 
may  take  place  without  spectral  energy  transfer  to  ions  in  different  types  of 
sites.  This  type  of  transfer  would  not  be  observable  by  the  time-resolved 
site-selection  spectroscopy  techniques  used  here  and  is  discussed  further  below. 

A second  experiment  was  performed  in  an  attempt  to  determine  the  contri- 
bution to  the  fluorescence  quenching  due  to  energy  migration  to  randomly  dis- 
tributed sinks.  A sample  of  Nd_  0Yn  .P  0 was  mounted  in  a dewar  containing 

U • y U • 1 j 14 

a hydraulically  driven  piston  and  immersed  in  liquid  nitrogen.  The  sample  was 
compressed  along  the  a-axis  and  excited  by  a nitrogen  laser  pumped  pulsed  dye 
laser  at  5825X.  The  fluorescence  lifetime  was  monitored  at  various  levels  of 
applied  stress.  The  results  are  shown  in  Fig.  10.  The  application  of  extremely 
high  levels  of  stress,  up  to  2000  psi,  results  in  only  an  additional  10Z  quench- 
ing of  the  fluorescence  lifetime. 

Sinks  for  radiationless  quenching  of  energy  are  generally  associated  with 
Nd  ions  located  near  crystal  Imperfections  where  local  strains  cause  differences 
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Temperature  dependence  of  the  fluorescence  duration 
after  excitation  at  5784. 5#  and  5837#  in  NdP  0 


in  the  energy  level  structure  allowing  cross  relaxation  to  occur.  The  applica- 
tion of  external  stress  would  be  expected  to  Introduce  additional  strains  in  the 
sample  and,  thus,  increase  the  number  of  sink  sites  and,  therefore,  the  radia- 
tionless quenching.  It  is  well  known  that  NdP^O^  is  a ferroelastic  crystal 
and  twin  boundaries  can  be  introduced  into  the  crystal  by  very  small  forces. 
[31-33]  Thus,  the  small  increased  lifetime  quenching  observed  at  very  high 
external  stresses  Implies  that  energy  migration  to  randomly  distributed  sinks 
is  not  the  dominant  quenching  mechanism  in  neodymium  pentaphosphate . On  the 
other  hand,  surface  quenching  of  Nd  excitons  would  be  little  effected  by  the 
application  of  external  stress  as  observed. 

h.  Interpretation  of  Results 

At  this  point  it  is  worthwhile  to  summarize  the  experimental  observations 

which  must  be  explained  by  any  viable  model  of  concentration  quenching  in 

Nd^Y^  P^O^  and  similar  materials.  The  quenching  rate  must  vary  less  than 

quadratically  with  Nd  concentration.  Also  it  must  have  a very  weak  dependence 

on  temperature  and  it  must  be  proportional  to  the  absorption  cross  section. 

The  quenching  mechanism  cannot  lead  to  variations  in  oscillator  strengths 

with  Nd  concentrations,  cannot  result  in  spectral  energy  transfer,  and  cannot 

lead  to  non-exponential  fluorescence  decays.  These  requirements  along  with 

quantitative  theoretical  predictions  place  very  rigid  restrictions  on  developing 

an  acceptable  model  for  concentration  quenching  in  these  materias.  The 

mechanism  responsible  for  concentration  quenching  of  Nd  fluorescence  in  other 

3+ 

types  of  materials  such  as  Y^Ai^O^JNd  is  cross-relaxation  between  pairs  of 
closely  spaced  ions.  This  leads  to  a quadratic  dependence  of  the  quenching  rate 
on  Nd  concentration  which  is  contrary  to  the  linear  dependence  observed  for  the 
pentaphosphate  host.  The  other  common  mechanism  for  concentration  quenching 
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which  is  observed  in  various  materials  is  migration  of  the  energy  among  the 

active  ions  until  it  reaches  a sink  where  it  is  transferred  to  an  ion  which  can 

dissipate  the  energy  radiationlessly . This  mechanism  is  not  consistent  with 

several  of  the  requirements  mentioned  above.  There  is  no  dependence  of  the 

quenching  rate  on  absorption  cross  section  in  this  model  and  generally  quenching 

by  this  mechanism  has  been  found  to  lead  to  a strong  temperature  dependence. 

A quantitative  estimate  of  the  concentration  of  sinks  necessary  to  give  the 

observed  quenching  rate  can  be  obtained  in  the  fast  diffusion  limit  from  the 

expression  W~  * 4ttDR  C where  D is  the  diffusion  coefficient,  R is  the  exciton 
vj  s s s 

trapping  radius  at  the  sink,  and  Cg  is  the  sink  concentration.  For  the  case 
of  neodymium  pentaphosphate  a sink  concentration  of  only  lOppm  of  the  Nd  ions 
is  necessary  to  cause  the  observed  quenching  rate  whereas  site-selection  spectro- 
scopy shows  that  significant  numbers  of  Nd  ions  exist  in  sites  of  different 
local  perturbations  without  resulting  in  energy  transfer  or  quenching. 

Since  the  normal  models  for  concentration  quenching  do  not  appear  to 
apply  to  stochiometric  laser  materials,  it  is  necessary  to  develop  a new  model. 
One  model  which  appears  to  meet  all  of  the  requirements  outlined  above  is  based 
primarily  on  surface  quenching  of  the  excitation  energy.  In  this  model  the 
Nd  ions  on  the  surface  of  the  sample  act  as  sinks  where  the  energy  is  dissipated 
radiationlessly.  This  gives  a high  concentration  of  sink  sites  but  only  in  a 
very  small  region  and  not  distributed  uniformly  throughout  the  sample.  This 
situation  will  result  in  effective  quenching  for  conentrated  materials  where 
the  excitation  energy  is  deposited  near  to  the  sample  surface  whereas  it  will 
be  much  less  effective  in  lightly  doped  materials  where  the  energy  is  deposited 
more  uniformly  throughout  the  sample.  Similarly  for  a given  sample  quenching 
will  be  more  effective  where  the  absorption  of  exciting  light  is  stronger  due 


to  the  fact  that  more  ot  the  excited  ions  will  reside  closer  to  the  surface. 
Weaker  absorption  bands  will  allow  excitation  energy  to  be  deposited  further 
into  the  crystal  resulting  in  less  effective  quenching. 

To  detemine  whether  or  not  a surface  quenching  model  satisfies  all  of  the 
necessary  requirements  for  explaining  the  observed  data,  an  expression  for  the 
quenching  rate  can  be  derived  from  simple  geometric  arguments  based  on  the 
situation  shown  in  Fig.  11.  The  incident  light  excites  a Nd  ions  at  a distance 
R from  the  surface  of  the  crystal  and  the  energy  can  as  an  exciton  migrate  out 
from  this  site  to  other  Nd  ions.  According  to  standard  diffusion  theory,  after 
a time  equal  to  the  intrinsic  lifetime  of  the  exciton  the  excitation  energy 
will  be  found  on  one  of  the  ions  on  the  surface  of  a sphere  of  radius  £ is  the 
diffusion  length  which  is  determined  by 
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(2) 


where  Tq  is  the  intrinsic  lifetime  of  the  exciton.  If  it  is  assumed  that  only 
excitons  which  migrate  far  enough  to  reach  the  surface  are  quenched,  the 
quenching  rate  for  an  excited  ion  at  depth  R is 


Wq(R)  = PTq1  (A' /A) 


WQ(R)  = 0 


0<R<£ 


£<R 


(3; 

(4) 


where  A is  the  area  of  the  sphere  of  radius  £,  A'  is  the  part  of  the  area  of 
this  sphere  which  is  outside  the  sample  surface,  and  p is  a factor  to  account 
for  the  probability  of  energy  being  dissipated  radiationlessly  instead  of 
radiatively  when  it  reaches  the  surface.  The  fraction  of  the  area  outside  the 
sample  can  be  found  from  the  double  integration 
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Thus,  the  first  part  of  Eq.  (.4)  becomes 

Wg(R)  = p(roir£)  1 /i2-R2  cos  ^(R/A)  0<R<1  . (6) 

The  observed  fluorescence  intensity  is  proportional  to  the  concentration 
of  excited  ions.  At  time  T the  remaining  concentration  of  excited  ions  which 
were  originally  created  at  a depth  R into  the  sample  is  given  by  the  product 
of  the  probability  of  exciting  an  ion  at  that  position  multiplied  by  the 
exponential  decay  function  for  such  ions 

nR(t)  * exp[-t(xo  1 + W^(R) )]looCexp(-aCR)dR.  (7) 

Here  C is  the  concentration  of  Nd  ions  and  O is  the  absorption  cross  section 
and  Iq  is  the  intensity  of  the  incident  light.  The  total  concentration  of 
excited  Nd  ions  is  found  by  integrating  this  expression  over  the  entire  thick- 
ness of  the  crystal  T.  Using  Eqs.  (4)  and  (6)  this  becomes 


n (t)  = oCIQe  t//To[/£  exp[-tp(ToTr)-1  /l-  (R-i) 2 cos"1  (R/£)  ]dR 

+ exp[-oCR]dR].  (8) 

Evaluation  of  this  expression  shows  that  in  this  model  the  time  dependence  of 
the  fluorescence  intensity  is  described  by 

I(t)  = 1(0)  exp[-t(TQ1  + 0.226po  C£.tq  )].  (9) 

Thus,  the  quenching  rate  is  given  by 


W - 0.226po  C£t  . 
Q o 


The  results  of  these  considerations  show  that  a surface  quenching  model 
predicts  exponential  fluorescence  decays  and  a quenching  rate  which  varies 


linearly  with  absorption  cross  section.  Since  the  ion-ion  interaction 
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responsible  for  the  migration  is  a resonant  interaction,  not  thermal  activa- 


tion is  necessary  and  only  a weak  temperature  dependence  is  expected.  The 
quenching  rate  should  actually  be  somewhat  greater  at  lower  temperatures  where 
there  is  less  phonon  scattering  to  limit  the  mean  free  path  of  the  exciton. 

This  appears  to  be  verified  by  the  lifetime  data  shown  in  Fig.  4.  Quantitatively 
the  experimentally  observed  quenching  rate  for  neodymium  pentaphosphate  can  be 
predicted  by  Eq.  (10)  if  the  thermal  converson  probability  for  excitons  reaching 
the  surface  (p)  is  taken  to  be  unity  and  the  diffusion  length  is  of  the  order 
of  20p.  Previous  estimates  of  the  diffusion  length  of  excitons  in  this  material 
have  ranged  from  360  to  5,00()X.  A theoretical  estimate  for  the  diffusion 
coefficient  can  be  obtained  from  the  expression 

° - |iw.m|2e;>v  <u> 

where  ion- ion  interaction  rate,  R is  the  nearest  neighbor  Nd  separation  and 

nn  or 

Av  is  the  exciton  band  widths.  A rough  estimate  of  the  interaction  rate  can 
be  found  by  assuming  a nearest  neighbor  electric  dipole-dipole  interaction  for 
two  ions  in  exact  resonance 


WNd-Nd 
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(12) 


where  z is  the  number  of  nearest  neighbor  Nd  sites,  C^,  is  the  Nd  concentration 
in  the  unmixed  sample,  and  the  critical  interaction  distance  is  given  by 


3e  f4-  0 r. 
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Here  f is  the  oscillator  strength  of  the  transition  between  the  ground  and 
metastable  state.  V is  the  average  wavenumber  in  the  region  of  spectral 
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overlap,  and  ft  is  the  spectral  overlap  integral.  For  two  overlapping  uorentzian 
lines 
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where  V is  the  peak  position  and  Av  is  the  Lorentzian  contribution  to  the  line 
width.  Thus,  for  perfect  overlap  ft  is  proportional  to  the  inverse  of  the 
homogeneous  contribution  to  the  spectral  line  width.  In  most  cases  this  is  not 
possible  to  measure  by  normal  spectroscopy  methods  when  the  transition  terminates 
on  the  ground  state  and  no  significant  contributions  are  present  from  relaxation 
processes.  Saturation  and  coherent  transient  spectroscopy  investigations  have 
found  homogeneous  linewidths  of  transitions  of  this  type  to  be  of  the  order  of 
10  Hz.  This  can  be  used  in  Eq.  (13)  which  leads  to  a predicted  value  of  5lX 
for  Rq.  Then  for  transitions  out  to  fifth  nearest  neighbors,  a distance  of 
7.4&,  Eq.  (12)  predicts  an  ion-ion  interaction  rate  of  9.1  x lO^sec  Sub- 
stituting these  numbert  into  Eq.  (11)  yields  a predicted  diffusion  coefficient 
-2  2 -1 

of  3 x 10  cm  sec  . Then  substituting  this  result  into  Eq . (3)  gives  a 
predicted  diffusion  length  of  about  63y  which  is  consistent  with  the  value 
needed  to  interpret  the  concentration  quenching  data  with  a surface  quenching 
model. 

Although  each  Nd  ion  has  only  one  true  nearest  neighbor  site  in  the 
NdPi-O^  lattice  structure,  there  are  eight  Nd  sites  within  an  8&  radius.  Thus, 
for  the  high  concentrations  used  here  every  Nd  ion  will  always  have  other  Nd 
ions  close  by  for  efficient  energy  transfer.  Using  Eqs.  (2),  (11)  and  (12)  in 
Eq.  (10)  and  accounting  for  the  variation  in  homogeneous  linewidth  with  concentra- 
tion shown  that  the  quenching  rate  should  vary  as  C*’^.  This  is  consistent  with 
experimental  data  as  shown  by  the  solid  line  in  Fig.  3. 
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An  attempt  was  also  made  to  fit  tne  data  witn  a surface  quenching  model 
in  which  the  excitation  energy  did  not  diffuse  but  rather  was  transierred  to 


the  surface  ions  in  a single  step  electric  dipole-dipole  process.  The  pre- 
dictions of  this  model  were  not  consistent  with  the  observed  results  because 
they  predicted  a non-exponential  decay  time  and  quantitatively  an  unphysically 
large  value  for  the  interaction  strength  has  to  be  assumed  to  give  the  correct 
magnitude  for  the  quenching  rate. 

A direct  check  was  made  on  the  prediction  that  the  quenching  rate  is 
proportional  to  the  absorption  cross  section  by  monitoring  the  fluorescence 
lifetime  as  the  laser  excitation  was  scanned  from  the  peak  to  the  wings  of 
the  absorption  band.  The  results  obtained  at  14K  for  the  NdP^O^  sample  are 
shown  in  Fig.  12.  There  is  an  obvious  increase  in  fluorescence  lifetime  and 
thus  a decrease  in  the  quenching  rate  as  the  excitation  is  scanned  from  the 
region  of  high  absorption  to  one  of  small  absorption  as  predicted.  However, 
the  dependence  of  Wq  on  o appears  to  be  less  than  the  linear  dependence  pre- 
dicted by  Eq.  (10).  There  may  be  several  reasons  for  this.  First,  it  is 
difficult  to  change  the  laser  wavelength  without  also  altering  its  power  and 
beam  position.  Thus,  it  is  impossible  to  exactly  repeat  the  experimental 
conditions  from  point  to  point  in  Fig.  12  and  only  the  general  trend  of  the  data 
can  be  considered  important.  Also  the  theoretical  derivation  of  Eq.  (10)  is 
based  on  the  assumption  that  the  number  of  photons  absorbed  from  the  incident 
beam  at  depth  R is  directly  proportional  to  the  absorption  cross  section.  This 
is  only  true  for  small  values  of  the  absorption  coefficient.  The  exact  expres- 
sion is 


n - nQ[l  - exp  (-OCR)] 

- nQ0CR[l  - *ioCR  + |-(0CR)2-...] 


235 


(15) 


and,  thus,  for  the  high  optical  densities  treated  here  the  variation  with 
absorption  cross  section  should  be  less  than  linear.  The  linear  approximation 
was  made  in  deriving  Eq.  (10)  only  to  simplify  the  calculations. 

In  order  to  determine  whether  the  lifetime  change  shown  in  Fig.  12  is  due 
to  the  change  in  absorption  strength  and  not  a result  of  selectively  exciting 
ions  in  different  sites  having  different  energy  transfer  characteristics,  we 
measured  the  decay  time  after  pumping  into  the  *)an<^  near  4700&.  The 

peak  absorption  strength  of  this  band  is  significantly  less  than  that  of  the 
58008  band  and  the  lifetime  is  measured  to  significantly  greater,  around  100p 
sec.  at  14K.  It  was  difficult  to  scan  the  excitation  into  the  wings  of  this 
band  and  measure  the  lifetime  change  because  of  the  much  weaker  fluorescence 
signal.  However,  the  trend  again  appeared  to  be  toward  longer  lifetimes  on 
the  band  edge.  No  shorter  lifetimes  were  detected.  Thus,  we  conclude  that  the 
lifetime  change  in  Fig.  12  is  associated  with  the  change  in  absorption  strength 
and  not  just  site  selectivity. 

There  is  still  a question  as  to  the  exact  mechanism  for  quenching  after 
the  exciton  has  migrated  to  the  surface.  The  energy  levels  of  the  surface 
ions  may  be  perturbed  in  such  a say  that  they  act  as  sinks  or  allow  for  cross- 
relaxation to  occur  with  other  Nd  ions.  A third  possibility  is  that  there  is 
such  a high  density  of  excited  Nd  ions  on  the  surface  that  bi-excitonic  pro- 
cesses are  responsible  for  the  quenching.  The  latter  possibility  was  investigated 
by  monitoring  the  fluorescence  lifetime  as  a function  of  laser  power  for  the 
NdP.,0^  sample  at  14K.  The  excitation  was  near  the  peak  of  the  580oX  band  and 
the  power  was  decreased  by  a set  of  calibrated  neutral  density  filters.  The 
fluorescence  lifetime  was  found  to  increase  slightly  with  decreased  laser 
intensity.  This  suggests  that  some  amount  of  exciton-exciton  interaction  may  be 


taking  place. 


However,  the  dependence  of  on  laser  power  does  not  appear  to 
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be  strong  enough  to  account  for  all  of  the  quenching  and  most  probably  several 
different  mechanisms  are  taking  place  at  the  same  time. 

F.  Photoacoustic  Spectroscopy  Results 

Photoacoustic  spectroscopy  techniques  have  recently  been  developed  to 

18—21 

characterize  radiationless  decay  processes  of  ions  in  crystals.  By  com- 

paring PAS  results  with  fluorescence  excitation  spectra,  it  has  been  possible 

20  21 

to  determine  dominant  relaxation  channels.  ’ Low  resolution  photoacoustic 

spectra  were  obtained  at  room  temperature  on  the  concentrated  neodymium  penta- 

phosphate  samples.  The  1000  W tungsten-halogen  lamp  chopped  at  110  Hz  was  used 

as  an  excitation  source.  Figure  13  showns  the  results  obtained  on  the  NdP^O^ 

sample  and  the  Nd^  jP^O^.  The  signal  to  noise  ratio  on  the  more  lightly 

doped  samples  was  too  poor  to  give  meaningful  results.  Note  that  the  relative 

peak  heights  of  the  major  absorption  bands  in  the  PAS  spectrum  are  comparable 

to  those  in  the  absorption  and  excitation  spectra. 

These  PAS  results  are  more  difficult  to  interpret  than  those  in  the 

20-21 

previous  samples  investigated.  The  photoacoustic  signal  normalized  for  the 

energy  of  the  incident  light  beam  at  phase  angle  0 can  be  expressed  as  the  sum 

20 

over  all  the  relaxation  transitions  which  generate  heat 

IPAS^0^“Na  E*nr^hViCOa^ai~0^NohVo^  <16> 

where  Nfl  is  the  number  of  photons  absorbed,  4^(1)  Is  the  fraction  of  excited 

atons  relaxing  via  the  ith  type  of  radiationless  transition,  hv^  is  the  energy 

of  the  phonons  emitted  in  the  ith  process,  and  is  the  phase  angle  at  which 

the  signal  due  to  transitions  from  the  initial  state  of  the  ith  transition  is 

maximun.  Nq  and  hvQ  are  the  number  and  energy  of  the  photons  in  the  excitation 

3+ 

beam.  For  the  case  of  Nd  ions  the  sum  in  Eq.  (16)  should  include  three 
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I 

' 

different  types  of  radiationless  decay  processes  which  occur  during  the  relax- 
ation of  the  ions  from  the  level  excited  by  the  incident  light.  First,  phonons 

4 

will  be  emitted  during  the  decay  from  the  absorption  state  to  the  F^y.^  meta“ 

4 

stabii  level.  Second,  the  F.^  ^eve-*-  does  not  have  unit  radiative  quantum 
efficiency,  and,  thus,  some  amount  of  relaxation  from  this  state  to  the  ground 

state  occurs  radiatlonlessly . Third,  the  majority  of  the  fluorescence  transi- 

A A 

tions  from  the  F^y^  state  terminate  on  levels  of  the  1^  multiplets  other  than 

the  ground  state  and  subsequent  relaxation  to  the  ground  state  occurs  radiation- 

lessly.  Previous  measurements  have  shown  that  there  is  virtually  unit  probability 

22 

of  relaxing  to  the  metastable  level  after  pumping  into  higher  excited  states. 

4 

The  radiative  quantum  efficiency  of  the  F^y^  ^eve^s  is  the  or^er  of  -0.9 

23 

in  the  absence  of  quenching  interactions.  Most  of  the  emission  terminates 
A A 

on  either  the  or  the  Iy/2  multiPlets*  Thus,  from  these  considerations 

and  the  energy  level  diagram  shown  in  Fig.  1,  it  would  seen  that  the  higher 

lying  absorption  bands  should  be  more  intense  in  the  PAS  spectrum  compared  to 

the  lower  energy  bands  than  in  the  absorption  and  excitation  spectra  due  to  the 

first  type  of  decay  processes  listed  above.  This  is  the  type  of  behavior  observed 
20  21 

in  other  samples.  * Figure  10  shows  that  this  is  not  the  case  here  as 

exemplified  by  the  fact  that  the  8OU0X  band  is  equal  or  greater  in  intensity  than 
the  580oft  band. 

This  comparison  of  the  absorption,  excitation,  and  photoacoustic  spectra 
indicates  that  there  is  relatively  more  radiationless  quenching  ocurring  after 
excitation  into  the  8000X  band  than  after  excitation  into  the  5800&  band.  Since 
the  absorption  coefficients  of  these  two  bands  are  different,  a different 
spatial  distribution  of  excited  ions  will  occur  after  excitation  into  each  band. 

For  such  heavily  concentrated  systems  as  those  considered  here,  the  high  absorption 


238 
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. 

coefficient  of  the  8OO0X  band  wii]  result  in  a significant  fraction  of  the 
excited  Nd  ions  being  located  close  to  the  surface  of  the  crystal.  The  somewhat 
smaller  absorption  coefficient  for  the  5800X  band  allows  tor  more  the  the 
excited  ions  to  be  located  farther  into  the  bulk  of  the  crystal.  One  mechanism 
to  explain  the  spectral  properties  reported  here  is  surface  quenching  which 
is  discussed  in  detail  in  the  previous  section. 

We  also  measured  the  intensity  of  the  photoacoustic  signal  as  a function  of 

chopping  frequency  between  HO  and  2000  Hz.  The  5145&  line  of  an  argon  ion 

laser  was  used  for  excitation  aid  the  rest  of  the  experimental  apparatus  is  the 

same  as  described  previously . [5]  The  laser  power  was  maintained  at  1 W for  all 

measurements.  This  excitation  wavelength  pumps  the  band  consisting  of  the 

2 4 

unresolved  levels  of  the  and  ^7/2  states*  The  phase  of  the  lock-in 

amplifier  was  adjusted  for  maximum  intensity  at  each  chopping  frequency  for 
each  sample  and  the  PAS  intensity  normalized  to  the  maximum  signal  detected 
for  each  sample.  The  S/N  ratio  was  between  bO/i  and  10U/1  for  these  measure- 
ments . 

The  results  of  these  measurements  are  inconclusive  at  the  present  time  due 
to  cell  wall  effects  and  they  are  now  being  repeated.  However,  in  all  cases 
the  PAS  signal  was  found  to  exhibit  a weaker  variation  with  chopping  frequency 
than  predicted  theoretically.  This  is  consistent  with  the  predictions  of  a 
surface  quenching  model. 

G.  Discussion  and  Conclusions 

The  surface  quenching  model  is  consistent  will  all  of  the  results  obtained 
in  this  investigation.  It  also  appears  to  be  consistent  with  data  reported 
by  other  workers.  Similar  surface  quenching  effects  have  also  been  observed 
in  other  types  of  materials  with  high  absorption  coefficients  such  as  aromatic 
hydrocarbon  crystals. ^ 
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For  crystals  with  high  absorption  coefticients  radiative  reabsorption 

effects  should  be  expected.  We  attempted  to  determine  the  extent  of  such  effects 

by  observing  the  fluorescence  lifetime  as  a function  of  sample  alignment.  The 

lifetime  appeared  to  lengthen  slightly  in  going  from  front  face  illumination  to 

minimize  radiative  reabsorption  effects. 

It  should  be  pointed  out  that  there  is  a possible  alternative  explanation 

for  the  fact  that  the  relaxation  processes  in  the  excited  states  do  not  appear 

to  contribute  to  the  PAS  signal.  This  would  be  true  if  the  decay  occurred  radi- 

atively  instead  of  radlationlessly . There  has  been  some  weak  fluorescence 

observed  between  1.4  and  1.7  ym  which  has  not  be  explained.^  However,  this  was 

observed  only  at  a high  level  of  excitation  and  only  at  room  temperature  and, 

thus,  can  not  generally  account  for  all  of  the  observed  quenching  characteristics. 

It  is  still  not  clear  exactly  why  the  fluorescence  quenching  rate  is  so 

much  less  in  NdP,0, . than  in  YAG:Nd.  One  obvious  difference  is  that  there  is 
5 14 

4 4 4 

less  resonance  between  the  F^y2  -*•  ^5/2  emission  transitions  and  the  I^2  -*■ 

4 

1^/2  absorption.  Also  a distinguishing  feature  of  the  pentaphosphate  host 

is  that  the  Nd  ions  are  fairly  isolated  from  each  other  and  do  not  share  the 
4 

same  oxygen  ion.  Another  interesting  observation  is  that  the  quenching  of  Nd 

fluorescence  in  phosphate  glass  hosts  is  also  significantly  less  than  for 
26 

other  glasses.  Which  of  these  features  is  most  important  in  determining  the 
quenching  characteristics  is  not  evident.  It  is  known  that  hydrogen  and  other 

27 

impurity  ions  are  very  effective  in  quenching  the  fluorescence  in  these  materials. 
These  impurities  may  perturb  the  energy  levels  of  neighboring  Nd  ions  to  allow 
stronger  quenching  interactions  to  occur.  The  energy  levels  of  surface  ions  may 
similarly  be  perturbed. 

-2  2 -1 

The  diffusion  coefficient  of  the  order  of  ''<10  cm  sec  determined  for 
NdP^O^^  is  significantly  greater  than  the  typical  values  of  D which  range 
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between  10  to  10  cm  sec  for  energy  migration  among  other  systems  of 

28 

rare  earth  ions  in  solids.  The  reason  for  this  primarily  the  higher  concen- 
tration of  Nd  ions.  In  other  highly  concentrated  systems  exciton  diffusion 
coefficients  of  this  magnitude  have  been  found.  ’ ’ This  results  in 

efficient  spatial  diffusion  without  spectral  diffusion.  As  the  excitation 
energy  migrates  near  to  a spectrally  different  site  there  are  always  a signif- 
icant number  of  ions  nearby  in  equivalent  sites  that  favor  transfer.  Only  at 
the  surface  is  there  a significant  concentration  of  perturbed  ions  to  cause 

effective  quenching.  The  fact  that  the  exciton  diffusion  length  is  greater 

19 

than  the  effective  thermal  diffusion  length  minimized  the  contribution  of 

excited  state  relaxation  phonons  to  the  photoacoustic  signal  and  enhances  the 

contribution  of  the  radiationless  quenching  at  the  surface. 

The  experiments  described  here  do  not  provide  conclusive  proof  for  the 

mechanism  of  fluorescence  quenching  in  neodymium  pentaphosphate  crystals. 

However,  they  are  not  consistent  with  the  predictions  of  a model  of  energy 

migration  to  randomly  distributed  sinks  whereas  the  experiments  are  in  agreement 

with  the  predictions  of  a model  based  on  the  surface  quenching  of  excitons  with 

a large  diffusion  length.  It  is  also  Interesting  to  note  that  quenching  and 

34 

PAS  studies  made  by  Auzel,  et.  al.  on  powdered  neodymium  pentaphosphate  with 
an  80pm  grain  size  exhibited  substantially  greater  fluorescence  quenching  than 
our  slgnle  crystal  samples.  This  is  also  conslstlent  with  a surface  quenching 
model  Involving  excitons  with  long  diffusion  lengths. 

A final  attempt  to  substantiate  our  surface  quenching  model  was  made  by 
making  a measurement  of  the  fluorescence  lifetime  of  a sample  of  NdP^O^  covered 
with  an  epitaxial  layer  of  Gd^  5LaQ  ^P^O^.  A 10Z  increase  in  lifetime  was 
observed.  Although  a lifetime  increase  would  be  predicted  by  the  surface 
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quenching  model,  the  small  observed  increase  is  not  sufficient  to  unambiguously 
substantiate  the  model.  We  plan  to  continue  investigating  the  effect  of 
different  surface  environments  on  the  lifetime  of  these  samples. 
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VII.  RESULTS  ON  THE  CHARACTERIZATION  OF  RADIATIONLESS  PROCESSES 

2+ 

VII. 1 Radiationless  Processes  in  KCl:Eu 
A.  Introduction 

There  has  been  significant  interest  in  divalent  europium  in  various  hosts 

for  use  as  a phosphor  material  (Reisfeld  and  Glasner  1964,  Chase  1970,  Loh  1968, 

Kisliuk  et.  al.  1968,  Weakliem  1972,  Nasu  et.  al.  1974,  Kaplyanskii  and  Feofilov 

1962,  Blasse  1973,  Basse  and  Bril  1968,  1970,  Blasse  et.  al.  1971,  1968a,  b, 

KrBger  1948,  Butement  1948,  Freed  and  Katcoff  1948,  Waite  1974,  Karel  and  Mares 

2+ 

1973).  However,  there  are  still  many  aspects  of  the  optical  properties  of  Eu 
ion  which  are  not  well  characterized.  We  report  here  the  results  of  a study  of 
the  spectroscopic  properties  of  divalent  europium  in  potassium  chloride  single 
crystals.  The  investigation  centers  around  the  characterization  of  three  different 
types  of  physical  processes:  energy  transfer,  vibronic  emission,  and  radiation- 
less transitions.  Along  with  standard  optical  spectroscopy  methods,  special  tech- 
niques of  laser  time-resolved  spectroscopy  and  photoacoustic  spectroscopy  were  utilised. 
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The  crystal  structure  of  KC1  Is  face  centered  cubic  with  lattice  constant 

6.29&.  The  KH  -atom,  for  which  the  Eu^+ .impurity  substitutes,  has  an  octahedral 

site  symmetry,  point  groun  0^,  with  six  nearest  neighbor  Cl  ions.  Due  to  the 

double  positive  charge  of  the  europium,  charge  compensation  occurs  in  the  form 

of  K+  vacancy.  It  is  expected  that  this  vacancy  will  usually  reside  at  one  of 

2+  2+ 

the  K sites  nearest  the  Eu  , lowering  the  symmetry  of  the  Eu  site  to  C2v* 

The  crystal  structure  around  such  a site  is  depicted  in  Fig.  1. 

2+ 

The  previous  work  on  Eu  ions  in  various  crystal  hosts  has  demonstrated 
the  existence  of  two  strong  broad  absorption  bands  in  the  near  ultaviolet  region 

g 

of  the  spectrum.  This  is  attributed  to  transitions  from  the  S7/2  8round  state 

of  the  4f^  configuration  to  the  crystal  field  splitting  of  the  d electron  into 

2+ 

e^  and  states.  In  KC1  crystals  the  Eu  ions  enter  the  lattice  substitutionally 

for  K+  ions  and  due  to  the  resultant  six-fold  coordination  of  nearest-neighbour 

anions  the  t»  level  lies  below  the  e level.  Under  high  resolution  at  low 
2g  g 

temperature  structure  can  be  observed  on  the  t£^  band  which  has  been  attributed 

to  the  electronstatic  and  spin-orbit  interactions  between  the  electron  and  the 

24- 

six  f electrons.  The  fluorescence  spectrum  of  Eu  varies  greatly  in  different 
hosts,  depending  on  whether  the  excited  states  of  the  4f^  configuration  lie 


above  or  below  the  lowest  4f  5d  level.  In  potassium  chloride  crystals  the  t2 
level  of  the  4f^5d  configuration  has  been  found  to  be  the  flurescing  level.  At 
low  temperatures  this  appears  as  a sharp  zero-phonon  line  with  a broad,  low-energy 
vibronic  sideband. 

In  this  study  we  investigated  several  aspects  of  the  optical  spectra  which 
have  not  been  well  characterized  in  the  past.  The  first  is  the  effect  of 
annealing  on  the  fluorescence  spectrum  which  shows  that  there  is  a tendency  for 
the  europium  ions  to  form  aggregates  due  to  charge  compensation  problems  as 
reported  in  52.  Radiationless  energy  transfer  between  ions  in  different  types 
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of  aggregate  sites  was  then  characterized  as  described  in  §3.  Section  4 
describes  a computer  analysis  of  the  vibronic  emission  band.  The  one-phonon 
effective  density  of  states  obtained  from  this  work  is  used  to  interpret  the 
temperature  depndence  of  the  width  and  position  of  the  major  zero-phonon  line 
described  in  55.  It  is  found  that  only  low-frequency  modes  contribute  strongly 
to  these  effects.  Finally  the  radiationless  decay  processes  from  the  excited  e 
and  t£g  levels  are  investigated  and  it  is  found  that  a slow  decay  takes  place 
from  the  higher  level  which  is  attributed  to  the  participation  of  an  excited 
state  of  the  4f^  configuration  in  the  relaxation  process.  This  is  discussed  in 
56. 


g 


B.  Sample  Growth  and  Properties 

The  samples  used  in  this  work  were  grown  in  the  Oklahoma  State  University 

crystal  growth  facility.  The  starting  mateirals  were  purified  in  a Bridgman- 

Stockbarger  furnace  by  a reactive-atmosphere  processing  technique  with  slow 

refreezlng  of  the  melt.  Single  crystals  were  pulled  from  the  melt  of  this 

starting  material  using  previously  grown  seeds.  The  samples  used  in  this  work 

were  cleaved  from  boules  containing  275  ppm  (atomic)  of  europium. 

24-  *4 

The  Eu  ions  replace  K ions  in  the  lattice  and  charge  compensation  is 

provided  by  the  presence  of  potassium  ion  vacancies.  Previous  studies  by  Fong 

et  al  (1969,  1970)  have  shown  that  the  charge  compensation  is  primarily  local 

with  the  vacancy  probably  residing  at  a cation  site  which  is  a nearest  neighbour 
24- 

to  a Eu  ion.  The  presence  of  vacancies  facilitates  the  migration  of  the  europium 

ions  and  Sill  and  Martin  (1977),  Sill  et.  al.  (1977)  have  observed  a strong 

24- 

thermal- treatment  dependence  of  the  formation  of  aggregates  of  Eu  -vacancy 
pairs.  Their  flow  stress  measurements  indicate  that  after  annealing  at  temper- 
atures near  the  KC1  melting  point  and  quenching  to  room  temperature  isolated 
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Eu  -vacancy  pairs  dominate  the  distribution  of  detects  vuercas  after  a tew 
uays  at  room  temperature  aggregates  of  these  pairs  are  round,  after  many  months 
at  room  temperature  precipitation  of  tne  pairs  into  very  targe  aggregates  is 


observed. 

The  optical  absorption  spectrum  is  not  afiected  by  heat  treating  the  sarnpxe 
but  tne  fluorescence  spectrum  shows  significant  changes  due  to  aggregation  of 
defects.  At  room  temperature  the  fluorescence  band  for  an  annealed  sample  is 
narrower  and  peaKs  at  higher  energy  compared  to  tne  band  in  an  unannealed  sampie. 
ihe  xow- temperature  fluorescence  spectra  tor  partially  annealed  (»00K  for  one 
haxf  hour;  ana  unannealed  sampies  are  shown  in  Fig.  2.  Two  distinct  oifterences 
are  seen.  The  first  is  tnat  the  unannealeo  sample  exnibts  a majore  zero-phonon 
line  at  41u4*->X  as  well  as  tnree  minor  tines  at  409 • 3 "0,  4094*4,  and  ‘♦10u'7°, 
whereas  in  the  partially  anneaied  sample  the  minor  lines  are  greatiy  reduced 
in  intensity,  in  a sample  thoroughly  anneaied  tor  z4  hours  at  IuOOk  the  minor 
lines  are  not  observed  at  all.  These  tour  zero-phonon  lines  are  attributed  to 

tluorescence  trom  europium  ions  in  different  types  of  crystal  field  environments. 

2+ 

The  major  line  appears  to  be  associated  with  isolated  Eu  -vacancy  pairs  whereas 
the  weaker,  higher  energy  lines  appear  to  come  from  europium  ions  in  aggregated 
sites.  The  fluorescence  lifetime  of  the  major  zero-phonon  line  is  1*1  ps 
whereas  the  lifetimes  of  the  smaller  lines  are  between  0*8  and  0*9  ps. 

The  second  type  of  evidence  for  the  effects  of  aggregation  of  defects 
can  be  seen  in  the  broad  band  emissions  shown  in  figure  1.  In  the  annealed 
sample  the  broad  band  emission  is  the  vibronic  sideband  of  the  major  zero-phonon 
line  and  is  similar  in  apperance  to  divalent  europium  emission  reported  by  other 
workers.  These  features  are  much  weaker  in  the  spectrum  of  the  unannealed 
sample  and  most  of  the  fluorescence  intensity  appears  in  a new,  longer  wavelength 
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band  which  peaks  at  about  4300X.  This  emission  grows  in  intensity  very  slowly 
as  a function  of  time  and  is  prominent  only  after  the  sample  has  been  kept  at 
room  temperature  for  several  months.  Because  of  this  characteristic  the 
4300X  band  is  attributed  to  emission  from  europium  ions  in  regions  of  the  crystal 
in  which  precipitation  of  defect  aggregates  has  occurred.  The  fluorescence 
lifetime  of  this  band  is  measured  to  be  1*3  ps. 

2+ 

C.  Energy  Tansfer  Between  Eu  Ions 

Energy  transfer  between  europium  ions  having  different  types  of  local 
crystalline  environments  was  investigated  by  monitoring  the  relative  time 
dependences  of  the  various  zero-phonon  lines  in  both  the  partially  annealed  and 
the  unannealed  samples  (Merkle  and  Powell  1977a) . The  samples  were  mounted  on 
the  cold  finger  of  a cryogenic  refrigerator  capable  of  varying  the  temperature 
from  about  10  K to  room  temperature.  They  were  excited  by  pumping  into  the 
t^gC^f^Sd)  excited  level  using  a pulsed  nitrogen  laser  having  a 10  ns  pulse  of 
about  350  kW  peak  power.  The  fluorescence  was  analysed  by  as  1-m  Czerny-Turner 
monochromator  and  detected  by  a cooled  RCA  C31034  photomultiplier  tube.  A 
boxcar  integrator  was  used  for  signal  averaging.  The  time-variable  aperture 
on  the  boxcar  was  used  to  obtain  both  the  time-resolved  fluoresence  spectra  and 
the  fluorescence  decay  times. 

The  ratios  of  the  integrated  fluorescence  intensities  of  the  4104 *sX  line 
to  the  4093&  line  are  shown  in  Fig.  3 as  a function  of  time  after  the  laser 
excitation  pulse  for  both  the  unannealed  and  partially  annealed  samples  at  13 
and  35  K.  The  data  are  listed  in  Table  I.  In  general  there  is  a decrease,  or 
only  a slight  increase,  in  these  intensity  ratios  at  early  times  and  a strong 
increase  at  later  times.  Two  sources  can  contribute  to  these  observed  time 
dependences.  The  first  is  the  difference  in  fluorescence  decay  times  between 
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TIME  AFTER  PULSE  (ps) 

Fig.  3.  • KC1 :Eu  TRS  Intensity  Ratios 

A:  Briefly  Annealed  Sample 
B:  Unannealed  Sample 


252 


TABLE  I 


INTEGRATED  FLUORESCENCE  INTENSITIES  FOR  4093.0  % AND  4104.5  % 
LINES  OF  KC1:Eu2+  (ARBITRARY  UNITS) 


(Msec) 

T 

= 13K 

T 

«=  35K 

*4093.0 

*4104.5 

*4104.5 

*4104.5 

*4093.0 

*4104.5 

*4104.5 

4093 

0.02 

0.23 

8.82 

38.3 

0.19 

12.18 

64.1 

0.23 

8.40 

36.5 

0.19 

12.18 

64.1 

0.05 

0.29 

9.45 

32.6 

0.21 

13.23 

63.0 

0.26 

8.61 

33.1 

0.20 

13.23 

66.2 

0.1 

0.25 

9.45 

37.8 

0.20 

14.07 

70.4 

0.24 

9.24 

38.5 

0.19 

13.44 

70.7 

0.2 

0.24 

8.82 

36.8 

0.19 

14.07 

74.1 

0.23 

8.82 

38.3 

0.20 

14.28 

71.4 

0.4 

0.26 

10.08 

38.8 

0.18 

12.81 

71.2 

0.22 

10.08 

45.8 

0.15 

11.76 

78.4 

0.6 

0.19 

8.40 

44.2 

0.17 

12.81 

75.4 

0.20 

8.40 

42.0 

0.17 

12.81 

75.4 

0.8 

0.20 

9.87 

49.4 

0.16 

12.39 

77.4 

0.21 

9.45 

45.0 

0.16 

12.60 

78.8 

1.0 

0.17 

7.98 

46.9 

0.14 

13.44 

96.0 

0.16 

7.98 

49.9 

0.15 

12.81 

85.4 

1.2 

0.15 

7.77 

51.8 

0.14 

13.02 

93.0 

0.15 

7.77 

51.8 

0.13 

13.02 

100.2 

1.5 

0.15 

8.19 

54.6 

0.12 

12.60 

105.0 

0.14 

7.98 

57.0 

0.12 

12.18 

101.5 

2.0 

0.12 

7.77 

64.8 

0.11 

13.23 

120.3 

0.10 

7.77 

77.7 

0.10 

14.07 

140.7 

2.5 

0.09 

7.56 

84.0 

0.07 

11.13 

159.0 

0.09 

7.35 

81.7 

0.07 

11.55 

165.0 
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the  two  types  of  emitting  centres  and  the  second  is  energy  transfer  between 
the  centres.  The  energy  transfer  process  itself  can  have  an  intrinsic  time 
dependence  associated  with  it  depending  on  such  factors  as  the  mechanism  for 
the  interaction  and  the  spatial  distribution  of  defect  centres.  Many  different 
kinetic  models  were  formulated  in  an  attempt  to  explain  the  results  shown  in 
Fig.  3.  The  only  model  which  gave  a good,  consistent  fit  to  the  data  was  one 
based  on  a resonant  electric  dipole-dipole  interaction  process  between  randomly 
distributed  ions  with  no  back-transfer  taking  place  as  described  below. 

The  rate  equations  describing  the  time  dependences  of  the  populations  of 
the  excited  states  of  ions  in  the  two  different  types  of  sites  are 

n(t)  = W - Bn(t)  - ^n(t)  ut"*5  (1) 

n’(t)  = W'  - B'n’(t)  + |n(t)  wt"^  (2) 

where  n and  n'  refer  to  the  excited  state  populations  of  ions  in  sites  emitting 
the  4104'5X  and  4093‘0X  lines,  respectively.  The  W's  and  B's  represent  the 
pumping  rates  and  the  fluorescence  decay  rates  of  the  tions  in  the  two  sites. 
The  energy  transfer  rate  is  w/t  where  the  time  dependence  of  electric  dipole- 
dipole  interaction  is  expressed  explicitly.  For  the  short  laser  pulse  the 
pumping  rates  can  be  considered  to  be  delta  functions  and  equations  (1)  and  (2) 
solved  to  give  the  fluorescence  intensity  ratios 


I(t)  _ exp[(B'  - B)t  - wt-8] 

I (t)  B fn  (t)  B r [n'(0)/n(0)]  + ta)/c  exp[B'  - B)x2  - wx]dx 


where  B and  B'  are  the  radiative  decay  rates, 
r r 1 


f 

TABLE  II 

2+ 

KCliEu  ENERGY  TRANSFER  PARAMETERS 


Parameter 

Briefly  Annealed  Sample 

Unannealed 

Sample 

T = 13K 

T = 35K 

T « 13K 

T “ 35K 

t/t* 

1.33 

1.33 

1.43 

1.43 

n'  (o)/n(o) 

140 

140 

52.6 

52.6 

K 

0 

0.0055 

0 

0.0120 

B'-Btys-1) 

0.9 

0.4 

0.32 

0.20 

0.010 

0.007 

-0 

0.001 

0.004 

0.004 

0.0006 

0.0007 

R (8) 

°f  it 

35.0 

31.1 

-0 

30.1 

Ro  (8) 

theory 

25.6 

26.8 

25.6 

26.8 

The  expression  in  equation  (3)  can  be  used  to  fit  the  low- temperature  data 


i 


treating  the  energy  transfer  rate  as  an  adjustable  parameter.  The  ratio  of 
radiative  decay  times  is  taken  to  be  the  same  as  the  ratio  of  measured  fluores- 
cence decay  times  which  is  a good  approximation  for  these  allowed  transitions. 

The  best  fits  to  the  results  are  shown  as  solid  lines  in  Fig.  3 and  the  magnitudes 
of  the  transfer  rates  which  are  used  to  obtain  these  fits  are  listed  in  Table 
II.  At  high  temperatures  part  of  the  I*  intensity  may  be  obscured  by  the 
vibronic  sideband  and  an  additional  adjustable  parameter  K must  be  included  in 
the  theoretical  expression  used  to  fit  the  data. 

This  analysis  indicates  that  the  decrease  in  the  intensity  ratios  at  short 
times  can  be  attributed  to  energy  transfer  from  ions  in  sites  giving  rise  to  the 
4104*5X  emission  to  ions  in  sites  emitting  at  4093*oX  whereas  the  increase  at 
long  times  is  associated  with  the  lifetime  differences  between  the  ions  in  the 
two  different  sites.  The  transfer  rate  can  be  predicted  theoretically  from  the 
expression  (Eisenthal  and  Siegel  1964) 
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where  C is  the  concentration  of  activator  ions,  t is  the  intrinsic  lifetime  of 
a s 

the  sensitiser  ions,  and  RQ  is  the  critical  interaction  distance  given  by 
(Fbrster  1948,  Dexter  1953) 
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Here  is  the  oscillator  strength  of  the  activation  transition,  <J>g  is  the 
quantum  efficeincy  of  the  sensitiser,  is  the  average  wavenumber  in  the  region 
of  spectral  overlap,  and  the  overlap  integral  is  given  in  terms  of  normalised 
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lineshape  functions  for  the  sensitlser  and  activator  transitions.  The  index  of 
refraction  for  KC1  is  n - 1*52,  the  activator  oscillator  strength  is  estimated 
from  the  t^g  absorption  band  to  be  0*02,  and  the  sensitlser  quantum  efficiency 
is  taken  to  be  0*6  as  will  be  discussed  in  §5.  The  overlap  integral  can  be 
roughly  approximated  by  that  of  two  Lorentzian  lines 
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Although  local  strains  causing  inhomogeneous  broadening  may  alter  the  exact 
overlap  of  a specific  sensitiser-activator  pair,  equation  (6)  provides  a reson- 
able  average  value  for  the  overlap.  This  is  especially  true  since  it  is  used  in 
equation  (5)  to  obtain  an  estimate  for  Rq.  In  this  equation  all  parameters  are 
taken  to  the  1/6  power  and  thus  large  deviation  in  the  parameters  are  required 
to  cause  significant  changes  in  Rq.  Using  a Voigt  profile  analysis  of  the 
observed  lineshapes  (Posener  1959),  the  Lorentzian  widths  are  found  to  be  about 
1*5  cm  1 at  13  K and  2*4  cm  * at  35  K.  The  theoretical  values  predicted  in  this 
way  for  Rq  are  listed  in  Table  II. 

The  qualitative  fit  to  the  data  with  this  model  is  quite  good.  The  slight 
change  of  Rq  with  temperature  is  consistent  with  the  assumption  of  a resonant 
interaction  process  where  the  temperature  dependence  of  the  interaction  is 
contained  in  the  spectral  overlap  Integral  as  opposed  to  a phonon-assisted 
process  with  a stronger,  activation-energy  type  of  temperature  dependence.  The 
quantitative  fit  to  the  data  with  this  model  is  also  acceptable.  The  values  of 
Rq  predicted  by  (5)  and  (6)  are  somewhat  smaller  than  those  obtained  from  fitting 
the  data  using  (3)  and  (4).  However,  this  is  relatively  good  agreement  considering 
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the  estimates  of  parameters  which  had  t^o  be  made  in  obtaining  both  the  experi- 
mental and  theoretical  values  of  Rq. 

One  of  the  sources  of  error  in  determining  values  of  from  equation  (6) 

2+ 

is  the  estimate  of  the  concentration  of  Eu  ions  in  activator  sites.  Comparison 

of  laser-excited  and  broad-excited  fluorescence  spectra  indicates  that  no 

selective  excitation  occurs.  Therefore,  the  ratios  of  the  fluorescence  intensities 

of  the  lines  observed  immediately  after  the  laser  pulse  are  proportional  to  the 

ratios  of  the  concentration  of  europium  ions  in  the  different  types  of  sites. 

For  the  partially  annealed  sample  this  information  was  used  in  estimating  values 

of  C for  determining  Rn  from  equation  (6).  For  the  unannealed  sample  the 
a u 

situation  is  more  complicated  because  of  the  presence  of  the  broad  band  associated 

2+ 

with  emission  from  large  aggregate  centres.  Since  many  of  the  Eu  ions  in  the 

sample  will  be  in  these  aggregate  centres,  the  concentration  of  ions  in 

activator  sites  will  be  greatly  reduced.  Relative  intensity  measurements  indicate 

that  C = 0*0011  C_  in  this  case, 
a Eu 

2+ 

D.  Analysis  of  the  Vibronic  Spectrum  of  Eu  in  KC1 

The  broad  band  fluorescence  emission  shown  in  figure  1 originates  from  the 
simultaneous  emission  of  one  or  more  phonons  concurrently  with  the  photon 
emission.  The  structure  of  this  vibronic  band  has  been  analysed  by  Nasu  et.  al. 
(1974)  by  projecting  the  phonon  density  of  states  at  different  parts  of  the 
Brillouin  zone  onto  the  normal  vibrational  modes  of  the  Eu-vacancy  defect  centre 
complex.  They  identify  two  of  the  sharp  peaks  on  the  sideband  structure  as 
being  associated  with  local  modes  of  the  defect  centre.  We  describe  in  this 
section  a different  type  of  analysis  of  this  sideband  in  which  a computer 
iteration  fitting  process  is  used  to  deconvolute  the  observed  band  into  one-phonon 
and  multi-phonon  contributions. 


258 


The  peaks  in  the  observed  vibronic  emission  band  should  occur  at  energies 
where  there  is  a high  density  of  phonon  states  and  where  selection  rules  allow 
the  phonons  having  these  energies  to  take  place  in  vibronic  emission  processes. 
The  selection  rules  for  vibronic  emission  processes  can  be  determined  from 
group  theory  considerations.  Phonons  which  can  take  part  in  vibronic  emission 
processes  are  those  which  tranform  according  to  irreducible  representations  of 
the  initial  and  final  electronic  states  and  the  electric-dipole-moment  operator 


x T . x r, 
ed  f 


el 


c r .. 

ph 


(7) 


Assuming  0^  symmetry  for  the  crystallographic  point  group,  group  theory  analysis 

shows  that  all  gerade  phonon  modes  at  all  points  in  the  £rillouin  zone  are 

2+ 

allowed  to  take  place  in  the  vibronic  emission  processes  in  KCl:Eu  . With 
local  charge  compensation  the  site  symmetry  is  lowered  to  C ^ and  no  phonon 
modes  are  forbidden  by  selection  rules  to  participate  in  vibronic  transitions. 

The  theoretical  derivation  of  the  equation  and  the  computer  program  used  to 
fit  these  data  were  described  previously  (Mostoller  et.  al.  1971,  Kim  et.  al. 
1975).  The  expression  for  the  sideband  of  an  allowed  electric  dipole  transition 
can  be  expressed  as 


p.b  ' C"3l»abl\(»i>;»)  (8) 

where  C is  a constant,  M . is  the  matrix  element  for  the  elctronic  transition 

ab 

between  state  a and  state  b,  and  G (ab;u)  is  the  spectral  distribution  function 

D 


which  is  given  by 


1 


where  m is  the  order  of  the  phonon  process.  In  this  calcualtion  the  one-phonon 
spectrum  G^(ab;w)  for  emission  at  T * 0 was  represented  by  a series  of  evenly 
spaced  6-function  spikes, 

G-iCabju)  » 2ire  SES  6[(io  - w)  - w ] , (10) 

1 q q ° ~ q 

where  gives  the  Individual  mode  Huang-Rhys  factor  for  the  q phonon  mode,  and 

S is  the  total  Huang-Rhys  factor  for  the  system.  The  function  G is  represented 

m 

as  a convolution  of  G,  and  G , 

1 m-1 

s 

G (ab;b)>  ■ „ dw'G.  (ab;u' )G  , (ab;u  - o>'  - u>)  . (11) 

m zirm  “ 1 m-i  o 

An  original  'guess'  at  the  one-phonon  contribution  to  the  sideband  is  needed 
as  input  to  the  computer  program  to  initiate  its  iteration  process,  but  the 
final  fitting  is  not  very  sensitive  to  the  initial  estimate  chosen. 

The  results  of  this  fitting  procedure  are  shown  in  Fig.  4.  Part  (a) 
compares  the  experimental  sideband  Ggxp  with  the  best  fit  obtained  from  the 
iteration  process  G . This  fit  was  obtained  using  the  measured  sideband  up 
to  about  0*03  eV  as  the  initial  input  for  the  estimated  G^  and  a value  of 
3‘72  as  the  toal  Huang-Rhys  factor.  The  latter  is  a measure  of  the  strength 
of  the  electron-phonon  coupling.  This  can  be  estimated  from  the  ratio  of  the 
Integrated  intensities  of  the  zero-phonon  line  and  the  vibronic  sideband  and 
is  found  to  be  3 "65  which  is  in  close  agreement  with  the  value  of  StQt  needed 
to  obtain  the  best  fit.  As  seen  in  figure  3(a),  this  procedure  gives  an 
excellent  fit  to  the  data  with  only  the  structure  beyond  0*09  eV  missing.  Since 
this  structure  has  also  been  observed  by  other  investigators  (Bron  and  Wagner 
1966),  it  cannot  be  simply  attributed  to  noise.  Such  high-energy  structure  has 
been  shown  in  other  materials  to  be  associated  with  quadratic  coupling  effects 
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(Kim  et.  al.  1975).  However,  in  this  case  it  is  more  likely  due  to  the  presence 
of  some  aggregate  centres  since  the  peaks  in  this  structure  are  similar  to 
those  seen  in  the  aggregate  band  in  Fig.  1. 

Fig.  4(b)  shows  the  deconvolution  of  the  predicted  total  sideband  into 
its  n-phonon  contributions.  Vibronic  processes  involving  up  to  nine  phonons 
appear  to  make  non-negligible  contributions  to  the  band.  The  structure  appear- 
ing in  the  one-phonon  part  of  the  sideband  can  be  understood  qualitatively  by 
comparing  with  the  phonon  dispersion  curves  of  pur  KC1  obtained  from  neutron 
scattering  experiments  by  Copley  et.  al.  (1969). 

Consideration  of  symmetry  properties  imposes  selection  rules  upon  a vibronic 
transition.  The  transition  matrix  element  for  an  electric  dipole  electronic 

transition  and  for  electron-phonon  interaction  given  by  may  be  expressed  as 

9 

proportional  to 

<^f  I— *— k^  j lVql  ^i>  (12) 

where  i|i^,  i|>£  and  represent  the  initial,  final  and  intermediate  electronic 
state  wave  functions,  respectively.  Since  the  wave  functions  are  seldom  well 
known  these  matrix  elements  cannot  be  evaluated  precisely,  so  that  use  of  sym- 
metry to  predict  which  transitions  are  possible  becomes  valuable.  This  may  be 
accomplished  by  means  of  group  theory.  Since  the  impurity  ion  under  study 
destroys  the  translational  symmetry  of  the  crystal  the.  relevant  group  is  the 
point  group  of  the  impurity  site  symmetry.  The  total  matrix  element  of  Eq.  (12) 
may  be  non-zero  only  if  it  transforms  as  a scalar  under  the  operations  of  the 

symmetry  group.  This  will  be  the  case  if  T x r x r contains  T,  or 

1 v ed  f 

equivalently  if  T.  x T , x T.  contains  T , where  I\ , T,,  T .,  and  T are  the 
i ed  f v i f ed  v 

irreducible  representations  of  the  transformation  properties  of  t^,  the 
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pig.  4.  Comparison  of  Experimental  and  Calculated  KCl:Eu  Vibronic 
Band 
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electric  dipole  operator  and  the  vibrational  interaction  operator,  respectively. 


Since  V"  - (3V/3QM) 

. Q -0 

impurity 


and  since  the  potential  V possesses  the  symmetry  of  the 
site,  is  just  the  irreducible  representation 


according  to  which  the  phonon  mode  transforms. 

2+  + 

The  Eu  ion  in  KC1  occupies  a K site,  which  has  octahedral  symmetry. 

A charge  compensating  vacancy  at  a nearest  neighbor  K+  site  lowers  the  site 

symmetry  to  point  group  but  is  Poss*ble  to  treat  the  ion  first  in  cubic 

symmetry,  than  to  consider  the  effect  of  the  lowered  symettry.  In  0^  symmetry 

all  three  components  of  _r  transform  according  to  the  irreducible  representation 

2+ 

“ Tiu*  Due  to  half-integral  spin  of  the  seven  Eu  electrons  not  in 

closed  shells,  the  cubic  double  group  must  be  used  in  determining  and 

The  photon  emitting  level,  the  lowest  level  of  the  Af^SdCt^^)  state,  is  expected 

to  have  irreducible  representation  T * T , whereas  the  crystal  field  levels 

l eg 

7 8 

of  the  4f  ( S ny)  ground  state  may  transform  as  * T^,  or  rgu»  being 

uncertain  which  is  lowest  in  energy.  The  direct  product  x x is  formed 

by  multiplying  the  characters  of  each  for  each  class  in  the  symmetry  group.  Due 

to  the  multiplication  of  T by  the  double  valuedness  of  these  due  to  their 

half-integral  spins  will  be  cancelled,  so  that  we  may  use  0^  rather  than  its 

double  group.  Table  III  shows  the  character  table  for  the  point  group  0^,  the 

direct  product  characters,  and  the  irreducible  representation  into  which 

T.  x T x T,  reduces.  Regardless  of  terminal  level  all  gerade  phonons,  and 
1 ed  r 

no  underade  phonons,  are  allowed  to  participate  in  vibronic  transitions  assuming 

0.  symmetry, 
n 

In  general  it  would  now  be  necessary  to  project  the  phonons  at  all  points 
in  the  first  Brillouin  zone  onto  the  point  were  of  the  allowed  representation, 
or  were  forbidden.  The  present  case  is  much  simpler,  however,  due  to  the  symmetry 
reduction  to  C^v  required.  This  symmetry  group  does  not  contain  the  inversion 
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+4E  +6T. 


operator  so  that  the  identification  of  representations  as  gerade  or  ungerade 
is  no  longer  meaningful,  suggesting  that  since  all  gerade  phonons  are  allowed  in 
0^  symmetry,  all  phonons  should  be  allowed  in  Indeed,  Table  III  also 

shows  the  characters  of  C^v  In  the  columns  to  which  the  various  operation  corre- 
spond. It  is  clear  that  reduction  of  each  of  the  direct  products  in  terms  of 

gives  all  four  representations,  so  that  indeed  phonons  of  all  possible 
representations  in  C2V  symmetry  are  allowed  for  vibronic  transitions.  Therefore 
no  further  consideration  of  selection  rules  need  be  given.  In  view  of  the 
previous  symmetry  discussion,  the  sideband  peaks  in  G^  should  correlate  directly 
with  regions  of  high  density  of  states  of  the  phonons.  These  regions  should 
occur  where  the  dispersion  curves  shown  in  Fig.  5 have  a zero  slope. 

Although  some  correlation  between  the  vibronic  structure  and  the  dispersion 
curves  can  be  seen  in  Fig.  5,  it  is  obviously  not  exact.  The  reason  for  these 
discrepancies  is  that  the  dispersion  curves  are  obtained  for  an  undoped  crystal 

while  the  vibronic  sideband  is  associated  with  an  impurity  in  the  crystal. 

2+ 

The  presence  of  the  Eu  impurity  ion  causes  two  effects.  The  first  is  that  it 
alters  the  interatomic  force  constants  which  results  in  slight  changes  in  the 
frequencies  of  the  phonon  modes.  The  second  is  that  local  modes  involving  the 
impurity  ion  can  occur  which  are  not  present  in  the  pur  crystal.  The  two 
dominant  features  of  G,  are  peaks  occurring  at  0*0063  eV  and  0*0247  eV  which 
donotcorrelate  well  with  the  phonon  dispersion  curves  and  thus  are  attributed 
to  local  vibrational  modes. 

E.  Width  and  Postion  of  the  Zero-Phonon  Line 

The  width  and  position  of  the  fluorescence  zero-phonon  line  of  the  annealed 
sample  were  monitored  as  a function  of  temperature  and  the  results  are  shown  in 
Figure  6 and  listed  in  Table  IV.  The  error  bars  are  indicated  by  the  spread 
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of  data  points  at  15  K.  The  large  spread  for  6\)  is  due  to  the  slack  in  the 
gears  of  the  spectrometer  scanning  mechanism.  Above  65  K the  zero-phonon  line 
becomes  too  small  to  measure  accurately. 


Two  types  of  processes  are  generally  found  to  contribute  to  the  increase 
of  the  linewidth  with  temperature:  single-phonon  direct  absorption  or  emission 
processes,  and  two-phonon  Raman  scattering  processes.  Since  there  are  no 
observed  levels  lying  just  below  either  the  initial  or  final  stace  of  the  zero- 
phonon  transition  in  this  case,  Raman  processes  should  dominate  the  line 
broadening.  This  effect  can  be  described  by  the  expression  (Mostoller  et.  al. 
1971,  Kim  e.  al.  1975) 


A\)(cm 


it  I, 

qq 


V ,n(oj  ) [n(w  ) + l]6(fiw  - ftw  ,) 

qq  q q q q 


(13) 


where  V , is  the  quadratic  coupling  constant  for  the  q and  q'  phonons.  This 
can  be  expressed  in  terms  of  the  individual  mode  Huang-Rhys  factors  and  an 
arbitrary  constant  a ^ 


Av(cm  1)  - ir[a,/hu)  ]2  £ , f(hu  )2S  ] [(tiu  ,)2S  , ]n(ai  ) 

2.  D q,q  q q q q q 


(14) 


x [n(w  ,)  + l]6Ctia>  - fiu>  ,). 

q q q 

The  dashed  line  in  Fig.  4 represents  the  best  fit  to  the  linewidth  data 
using  Eq.  (14)  with  the  values  of  the  S^'s  taken  from  G^(u>)  projected  from  the 
computer  analysis  of  the  vibronic  sideband  as  described  in  the  preceding  section 
and  treating  as  an  adjustable  parameter.  We  have  also  used  the  approximation 
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TABLE  IV 


2+ 

KC1 :Eu  ZERO  PHONON  LINE  WIDTH  AND  SHIFT  VERSUS  TEMPERATURE 


T 

(K) 

69  *=  9(T)  - 9 (13K) 

(cm-1) 

(cm  A) 

13 

0.0 

4.7 

15 

-0.89 

4.93 

0.25 

5.05 

0.02 

5.16 

2.43 

6.19 

-1.81 

5.74 

4.59 

21 

0.60 

5.16 

25 

0.6 

5.9 

28 

0.02 

6.42 

36 

1.2 

7.1 

1.47 

8.03 

43 

-1.01 

9.98 

47 

-3.0 

11.2 

49 

-2.61 

11.5 

56 

-3.53 

14.8 

62 

-5.9 

14.2 

65 

-4.91 

18.9 
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where  the  homogeneous  contribution  to  the  llnewidth  is  due  to  the  phonon 
processes  and  the  inhomogeneous  contribution  is  due  to  microscopic  strains. 


The  fit  to  the  data  obtained  in  this  way  is  very  poor.  The  only  way  in  which 
a good  fit  to  the  data  could  be  obtained  was  by  considering  only  the  low- 
frequency  portion  of  the  phonon  density  of  states  where  the  major  contribution 
comes  from  the  low-frequency  local  mode.  The  solid  line  in  Fig.  6 was  obtained 
with  the  parameters  = 0*0171  eV  and  a ^ = 6*25.  This  gives  a good  fit  to 
the  data. 

A similar  analysis  can  be  made  of  the  lineshift  data  where  the  temperature 
dependence  is  primarily  due  to  the  continual  absorption  and  emission  of  phonons 
of  the  same  frequency  (Mostoller  et.  al.  1971,  Kim  et.  al.  1975) 

6\>  = [a.  /2hw_]E(hu>  )2S  [2n  (u>  ) + 1]  (16) 

1 D q q q q q 

where  is  another  arbitrary  coupling  constant.  Again  the  best  fit  to  the 
data  is  obtained  by  considering  coupling  to  only  the  low-frequency  modes  with 
huD  = 0*0171  eV  and  " -0*093.  However,  the  large  error  bars  in  the  data 
prevent  this  fit  from  being  as  exact  as  in  the  case  of  the  llnewidth. 

An  alternative  interpretation  of  the  thermal  variation  of  the  zero-phonon 
line  involves  the  radiationless  transitions  to  excited  states  lying  just  above 
the  metastable  level.  Although  no  such  levels  are  observed  in  the  optical 
spectra,  it  is  known  that  excited  states  of  the  4f2  configuration  lie  in  this 
region.  Since  transitions  involving  these  levels  and  the  ground  state  are 
parity  forbidden,  they  are  difficult  to  observe  optically  except  in  host  crystals 
in  which  one  of  them  lies  below  the  lowest  4f^5d  state.  Thermal  effects  due 
to  phonon  absorption  to  these  levels  can  be  described  by 


where  6^  and  6^  are  arbitrary  coupling  parameters  and  AE^  is  the  activation 
energy  for  the  phonons  involved  in  the  transitions. 

The  solid  lines  shown  in  Fig.  6 can  also  be  obtained  as  the  best  fit  to  the 
linewidth  and  lineshift  data  using  Eqs.  (7)  and  (8)  and  assuming  only  a single 
phonon  absorption  process  with  an  activation  energy  of  about  66  cm  ^ and  a 
coupling  parameter  of  about  60. 

Thus,  either  Raman  scattering  or  direct  phonon  absorption  processes  can 
predict  the  observed  temperature  dependences  of  the  width  and  position  of  the 
zero-phonon  line.  Probably  both  of  these  types  of  porcesses  make  contributions 
to  the  thermal  changes,  but  it  is  difficult  to  determine  the  extent  of  the 
different  contributions  due  to  the  number  of  adjustable  parameters  involved. 

F.  Radiationless  Relaxation 

2+ 

The  radiationless  relaxation  of  Eu  ions  in  KC1  crystals  at  room  temperature 
was  studied  by  photoacoustic  spectroscopy  (Merkle  and  Powell  1977b).  This  is  a 
technique  which  is  commonly  applied  to  the  study  of  gases  which  has  only  recently 
been  used  on  solid  samples  (Rosencwaig  1973).  The  sample  is  mounted  in  an 
acoustical  cavity  containing  a microphone  and  is  illuminated  by  a periodic 
source  of  light.  If  the  light  is  absorbed  and  some  of  the  energy  is  dissipated 
by  radiationless  relaxation,  a periodic  heating  of  the  gas  occurs  at  the  surface 
of  the  sample  and  this  is  detected  by  the  microphone  as  a periodic  variation  in 
cell  pressure.  The  photoacoustic  spectrum  obtained  in  this  way  can  be  compared 
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KCl:Eu  Absorption,  Excitation  and  Photoacoustic  Spectra 
A:  Optical  Absorption  of  a 0.67  mm  Thick  Sample 

(Solid  Line) , Fluorescence  Excitation  Monitored 
at  4350  R (Dashed  Line) . 

B:  PAS  Spectra  Monitored  at  Phases  -15°  (Solid) 
and  ♦30°  (Dashed) 
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with  absorption  and  fluorescence  excitation  spectra  to  determine  the  relative 


fractions  of  the  absorbed  light  which  are  converted  into  heat  and  emitted  light 


The  absorption  measurements  were  made  on  a Cary  14  spectrophotometer.  The 


incident  light  for  photoacoustic  and  fluorescence  excitation  spectra  was  sup 


plied  by  a 1000  W high-pressure  mercury  lamp  which  was  passed  through  a quarter 
meter  monochromator  having  a 200X  bandpass.  This  light  was  chopped  at  100  Hz 


and  focused  onto  the  sample.  The  fluorescence  was  analysed  by  a one-meter 


monochromator  and  cooled  RCA  C31034  photomuliplier  tube.  The  photoacoustic 


signal  was  analysed  by  a 1/2  inch  electret  microphone.  In  both  cases  the 


signals  were  amplified  by  a lock-in  amplifier  receiving  a reference  signal  from 


the  chopper.  The  spectra  were  normalised  to  the  photoacoustic  spectra  of 


charcoal  to  account  for  fluctuations  in  incident  light  intensity 


The  absorption  and  fluorescence  excitation  spectra  at  room  temperature 


are  shown  in  Fig.  7(a).  The  two  broad  bands  are  due  to  transitions  to  the  t 


and  e states  of  the  4f  5d  configuration  with  the  crystal  field  splitting  being 


The  fact  that  fluorescence  occurs  from  the  t„  level  after 


about  12000  cm 


pumping  into  the  e level  demonstrates  the  occurrence  of  radiationless  relaxation 


from  the  upper  to  the  lower  level.  The  phase  sensitive  detector  indicates 


maximum  signal  for  zero  degree  phase  shift  for  both  excitation  bands.  The 


phase-angle  measurement  is  accurate  to  within  about  5°.  The  lifetime  of  the 


excited  state  is  related  to  the  phase  of  the  signal  a ana  chopping  frequency 


of  the  exciting  light  by  the  relationship 


t - (tana)/ (2wv  ) 


This  indicates  that  the  lifetimes  of  both  levels  are  less  than  100  ps.  This 


is  consistent  with  the  observed  fluorescence  lifetime  of  1*1  ps  for  the  t 


level.  Since  the  transitions  are  electric  dipole,  the  radiative  decay  rates 


can  be  estimated  from  (Fowler  and  Dexter  1962) 


rad  * »<r f / 

rif  3 2 

8xCri(S)if)n(\>fi)Io(0)d^f(2Jf  + D<rfi> 


The  effective  field  and  the  ratio  ofthe  matrix  elements  can  both  be  assumed  to 

be  unity.  The  integrated  absorption  band  is  measured  to  be  /o  (0)d0  = 2*08  x 

eg 

10"14  cm,  = 42000  cm'1,  « 38000  cm'1,  n(0fi>  - n(\>±f ) = 1*5,  Jf  - 7/2 

and  J.  = 1/2.  Using  these  values  the  radiative  decay  time  of  the  e level  is 
1 g 

estimated  to  be  of  the  order  of  a microsecond  and  thus  the  fluorescence  decay 
time  of  this  state  will  be  much  less  than  100  ps  as  indicated  by  the  phase 
shift  of  the  fluorescence  emission. 

The  photoacoustic  spectra  were  measured  at  several  different  phase  shift 

settings  two  of  which  as  shown  in  Fig.  7(b).  It  was  found  that  the  t„  band  has 

2g 

a maximum  photoacoustic  signal  for  zero  phase  shift  but  the  e band  is  maximum 

g 

for  about  35°  phase  shift.  The  former  result  is  consistent  with  optical 
measurements  but  the  latter  predicts  a lifetime  of  the  e^  state  of  the  order 
of  1*1  ms  which  does  not  agree  with  optical  results. 

This  apparent  discrepancy  between  the  PAS  and  fluorescence  excitation 
results  can  be  resolved  by  interpreting  the  results  using  the  model  shown  in 
Fig.  8.  The  most  Important  feature  of  this  model  is  the  role  played  by  the 
excited  state  of  the  4f^  configuration.  ActuaEy  there  are  several  such  levels 
in  this  region  and  only  the  lowest  one  is  shown  for  simplicity.  The  photo- 
acoustic signal  at  phase  9 due  to  excitation  by  photons  of  energy  hvQ  can  be 
expressed  as  the  sum  over  all  of  the  relaxation  transitions  which  generate  heat. 
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IpAc(0>  * N £ £ Ov..  cos  (a.  -0)/(N  hv  ). 

r As  J oo 


Here  N is  the  number  of  photons  absorbed,  4>  is  the  fraction  of  excited  ions 
a j I 


decaying  via  the  ith  type  of  radiationless  transition  from  the  jth  level,  hv 


is  the  thermal  energy  emitted  in  the  ith  transition  from  the  jth  level,  and  a. 


is  the  phase  shift  of  the  signal  from  the  jth  level.  Division  by  (N  hv  ) 

o o 


represents  normalising  the  results  for  variations  in  the  energy  of  the  exciting 


light.  The  PAS  spectrum  of  charcoal  was  used  for  this  purpose. 


For  the  model  shown  in  Fig.  8 three  terms  contribute  to  the  PAS  signal 


from  the  t_  state:  relaxation  within  the  t_  band  characterised  by  v , 
2g  2g  J s 


radiationless  decay  to  the  ground  state  characterised  by  v , and  vibronic 


decay  which  may  be  represented  by  (1  - <J>r  )vy  since  the  zero-phonon  fluorescence 


is  negligible  at  room  temperature.  In  this  case,  Eq.  (21)  can  be  written 


explicitly  as 


1t2  (0)  “ (Na/No)[1/vo(t2g)][vs  + (1  ' C)vv  + *r\]coS  0 


where  a has  been  set  equal  to  zero  to  be  consisitent  with  experimental  results. 

C2g 

The  PAS  signal  resulting  from  excitation  of  the  e^  band  is  more  complex. 


It  has  contributions  arising  from  relaxation  of  the  ions  within  the  e band 

g 


characterised  by  v’^,  relaxation  of  the  fraction  of  the  ions  to  the  t^^ 


state  represented  by  vfc,  and  subsequently  relaxation  to  the  ground  state  as 


before,  and  relaxation  of  the  fraction  “ (1  - $”r)  to  the  excited  4f  state. 


Finally,  the  radiationless  decay  of  the  4f  excited  state  is  characterised  by 


♦nfv’  . Thus 
r'  r 


n 

l\ 


I (0)  - [N*  /N’  l[l/v  (e  )]{[v*  + 4>”rv  + (1 

eg  ao  og  stt 


+ <))"rvf]cose  + ♦fr$"*v,rC08(0f  - 0)}. 


.nr. ,nr  . , r.nr 
4>  )<1>  v + d>  d>  v 

r t n n rr  r 


(23) 


Again  to  be  consistent  with  experimental  data,  terms  arising  from  either  the 

e or  t„  levels  are  assigned  phase  shifts  of  zero  while  the  phase  shift  of  the 
g “8 

signal  from  the  4f^  level  is  shown  explicitly  as  ot^. 

Equations  (22)  and  (23)  can  be  used  to  fit  the  photoacoustic  data  obtained 
at  different  phases.  Some  of  the  parameters  appearing  in  these  expressions  can 
be  estimated  from  observed  spectral  data  and  the  others  are  treated  as  adjustable 
parameters  with  only  estimates  of  limiting  values  available.  The  values  of 
the  parameters  which  were  found  to  give  the  best  fit  to  the  data  are  listed  in 
Table  V.  The  adjustable  parameters  are  determined  by  requiring  that  the  ratios 
of  Eqs.  (22)  and  (23)  be  consistent  with  the  observed  ratios  of  the  integrated 
photoacoustic  signals  from  the  e and  t„  bands  at  different  phases  and  the 

g “O 

requirement  that  dlg  / d0 | q— 35=0.  Although  there  are  no  independent  measurements 

eg 

available  to  check  the  accuracy  of  the  fitting  parameters  listed  in  Table  V, 
none  of  them  appear  to  be  physically  unrealistic.  The  value  of  of  67°  implies 
a lifetime  of  4f^  excited  state  of  about  4 ms.  This  value  of  the  non-radiative 
decay  time  is  consistent  with  the  measured  value  of  4f^  fluorescence  decay  times 
in  host  lattices  where  emission  can  be  observed. 


G.  Discussion  and  Conclusions 
In  summary,  the  results  of  the  spectroscopic  investigation  of  KCl:Eu 


2+ 


presented  here  demonstrate  relatively  strong  interactions  both  among  the  europium 

2+ 

ions  and  between  the  Eu  ions  and  the  host  lattice. 
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TABLE  V 


2+ 


KC1 : Eu  PAS  MODEL  FITTING  PARAMETERS 


Estimated  From  Spectra 


Estimated  From  Fitting 


V (t-  ) 
o 2g 

= 

29,000  cm"1 

Vf  ” 

5,000  cm 

v (e  > 
o g 

= 

42 , 000  cm  1 

v*  - 
r 

32,000  cm 

V 
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s 
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.nr 
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0.4 
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One  interesting  aspect  of  the  energy  transfer  results  is  that  they  show 

energy  transfer  to  be  taking  place  from  ions  with  lower  energy  levels  to  ions 

with  higher  energy  levels.  In  this  case  for  either  resonant  of  phonon-assisted 

interaction,  the  back  transfer  of  energy  from  activator  to  sensitiser  ions 

would  be  expected  to  be  a least  as  efficeint  as  the  energy  transfer  process, 

but  it  was  found  that  the  results  could  be  fitted  only  with  a kinetic  model 

which  assumed  negligible  back  transfer.  The  reason  for  this  apparent  discrepancy 

appear  to  be  associated  with  the  nature  of  the  activator  centre  which  is  not 

2+ 

a single  ion  but  rather  two  or  more  Eu  -vacancy  pairs  close  together  as  si  #n 

by  the  annealing  results  described  in  §2.  When  the  sensitiser  transfers  its 

2+ 

energy  to  one  of  the  Eu  ions  in  the  activator  complex,  there  will  be  approxi- 

2+ 

mately  an  equal  rate  of  back  transfer  to  the  isolated  Eu  -vacancy  site.  However, 

2+ 

there  will  be  a much  higher  rate  of  transfer  to  another  Eu  ion  within  the 
activator  complex  since  the  transfer  rate  varies  as  the  inverse  sixth-power 
of  the  ion-ion  separation.  As  the  energy  is  transferred  among  the  ions  of  the 
comples,  the  average  distance  from  the  sensitiser  may  be  greater  than  that  of 
the  activator  ion  originally  receiving  the  energy,  which  is  probably  the  one 
closest  to  the  sensitiser.  Due  to  the  inverse  sixth-power  separation  dependence, 
a small  increase  in  average  separation  may  reduce  back  transfer  probability 
significantly.  The  emission  from  different  ions  in  the  activator  complex  is 
essentially  equivalent  and  can  not  be  resolved.  Spectroscopic  evidence  for 
defect  clustering  has  been  observed  in  other  systems  (Sundberg  et.  al.  1975, 

Fenn  et.  al.  1973)  and  it  has  been  found  previously  that  energy  transfer  is 
more  efficient  between  ions  within  a cluster  than  more  distant  ions  (Tallant 
and  Wright  1975,  Tallant  et.  al.  1976). 

Although  the  analysis  of  the  vibronic  emission  band  was  done  in  a different 
way  from  the  approach  used  by  Nasu  et.  al.  (1974),  our  results  agree  quite  well 
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with  theirs  as  well  as  being  in  agreement  with  the  results  of  neutron  scattering 
data.  Comparison  of  the  spectra  in  Fig.  2 indicate  that  aggregated  centres 
may  be  responsible  for  the  weak  structure  on  the  long-wavelength  tail  of  the 
vibronic  band  and  may  contribute  to  the  sharp  peak  at  about  412lX.  The 
vibronic  analysis  and  the  thermal  variation  of  the  zero-phonon  lines  both 
indicate  the  importance  of  a low-frequency  local  vibrational  mode  in  determining 
the  optica^,  properties  of  this  system. 

The  most  important  result  of  the  photoacoustic  investigation  in  that  PAS 

techniques  can  yield  information  on  the  dynamics  of  the  radiationless  processes 

which  can  not  be  obtained  by  standard  optical  methods.  Both  PAS  results  and 

the  temperature  dependences  of  the  zero-phonon  linewidth  and  position  indicate 

that  the  excited  levels  of  the  4f^  configuration  play  an  important  part  in 

determining  the  optical  properties  of  the  sample.  These  levels  are  consistent 

with  the  positions  of  the  excited  4f  levels  when  they  have  been  observed  by 

techniques  such  as  two-photon  absorption  (Fritzler  and  Schaack  1976) . Tyner  and 

Drickamer  (1977)  have  recently  published  results  of  an  investigation  of  the 

effects  of  high  pressure  on  the  luminescence  properties  of  divalent  europium 

phosphors.  They  also  find  it  necessary  for  several  systems  to  postulate  the 

existence  of  additional  excited  states  which  take  part  in  the  relaxation 
2+ 

processes  of  Eu  . Their  results  indicate  that  the  activation  energy  for 
luminescence  quenching  via  these  states  is  of  the  order  of  73  cm  ^ which  is 
close  to  the  activation  energy  needed  to  explain  the  zero-phonon  linewidth  and 
position  temperature  dependence  by  direct  phonon  absorption  processes.  They 
feel  that  the  extra  level  is  another  4f^5d  state. 

In  conclusion,  it  is  important  to  emphasis  that  the  sample  history  of 
crystal  growth  and  thermal  treatment  is  critically  important  in  establishing 
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VII. 2 Photoacoustic  Spectroscopy  Investigation  of  Radiationless  Relaxation 

3+ 

Processes  of  Cr  In  Crystals 

Photoacoustic  spectroscopy  (PAS)  has  recently  been  shown  to  be  a useful 
technique  for  investigating  radiationless  relaxation  processes  of  ions  in 
crystals  [1-31.  We  report  here  the  results  of  PAS  experiments  on  trivalent 
chromium  ions  in  four  different  host  crystals;  MgO,  SrTiO^,  and  BaTiO^. 

3+ 

By  comparing  the  relative  intensities  of  the  two  broad  absorption  bands  of  Cr 
in  the  PAS  spectrum  with  their  intensities  in  the  fluorescence  excitation  spectrum, 
the  dominant  mode  of  relaxation  back  to  the  ground  state  can  be  determined. 

This  is  shown  to  be  quite  different  for  chromium  doped  A^O^  and  MgO  while  in 
SrTiO^  and  probably  BaTiO^  the  signals  are  masked  by  host  absorption. 

The  excitation  light  for  these  experiments  was  provided  by  a 1000-W 
tungsten/halogen  ”sun  gun"  after  being  passed  through  a 1/4-meter  monochroma- 
tor with  a resolution  of  20oX  and  chopped  at  100  Hz.  For  obtaining  excitation 

34- 

spectra,  the  fluorescence  emission  in  the  region  of  the  R lines  of  Cr  was 
monitored  using  a second  1/4-meter  monochromator  and  a cooled  RCA  C31034 
photomultiplier  tube.  The  spectra  were  recorded  after  being  processed  by  a 
lock-in  amplifier.  To  obtain  the  photoacoustic  spectra  the  samples  were  placed 
in  a acoustical  cell  containing  a 1-in.  electret  microphone.  The  signal  was 
again  processed  by  a lock-in  amplifier  and  in  this  case  signal  averaging  was 
also  used  to  improve  the  signal  to  noise  ratio. 

Fig.  1 shows  the  spectra  obtained  for  the  four  samples.  These  have  been 
corrected  for  spectral  variations  in  the  light  source  and  excitation  mono- 

3+ 

chroma tor.  No  fluorescence  could  be  observed  for  the  BaTiO^:Cr  sample  and 
in  this  case  the  PAS  spectrum  is  very  close  to  the  optical  absorption  spectrum. 

In  the  spectra  for  the  other  three  samples  the  most  dominant  features  are  the 
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4 

broad  absorption  bands  due  to  transitions  from  the  ground  state  to  the 
4 

T2  excited  states.  In  the  excitation  and  photoacoustic  spectra  of  SrTlO^: 

Cr^  the  strong  band  below  4500&  is  due  to  absorption  in  the  host.  The  photo- 

3+  3+ 

acoustic  spectra  of  both  Al^O^iCr  and  MgO:Cr  exhibit  absorption  peaks  in 

the  regions  of  the  Rand  B lines  although  the  very  low  resolution  makes  these 

appear  as  broad  bands.  It  was  found  that  the  maximum  photoacoustic  signal  for 

all  bands  in  all  samples  was  obtained  for  a phase  shift  of  0°  with  the  lock-in 

amplifier.  This  indicates  that  the  radiationless  processes  giving  rise  to  the 

PAS  signals  all  occur  on  a time  scale  faster  than  100  ps  [2]. 

The  data  can  be  analyzed  by  considering  the  configuration  coordinate 
3+ 

model  for  Cr  shown  in  Fig.  2.  The  general  level  positions  and  predicted 

decay  rates  are  taken  from  Fonger  and  Struck's  theoretical  analysis  of  ruby  [4]. 

After  absorption  into  either  of  the  excited  quartet  levels,  a photoacoustic 

signal  will  be  generated  by  phonons  given  off  as  the  ion  relaxes  back  to  the 

ground  state.  There  are  two  different  relaxation  paths  which  the  ion  may  take. 

The  first  is  direct  radiationless  decay  back  to  the  ground  state  while  the 

2 

second  involves  radiationless  decay  to  the  E metastable  level  which  has  a 

predominantly  radiative  relaxation  to  the  ground  state.  By  comparing  the  ratio 

4 4 

of  the  integrated  intensities  of  the  T^  to  bands  in  the  PAS  spectrum  with 
the  similar  ratio  in  the  excitation  spectrum  it  is  possible  to  determine  which 
of  these  decay  modes  is  dominant  for  a specific  host. 

The  photoacoustic  signal  at  phase  angle  6 can  be  expressed  as  the  sum  over 
all  the  relaxation  transitions  which  generate  heat  [2] 

IBA„(e)  ■ N £ $ (i)hv.cos(o.  -0>/N  hv  , (1) 

PAS  a i nr  i i 00 

where  N is  the  number  of  photons  absorbed,  $ (1)  is  the  fraction  of  excited 

a nr 

atoms  relaxing  via  the  ith  type  of  radiationless  transition,  hv^  is  the  total 
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ENERGY 


\4t. 


^*8 • 2.  Typical  configuration  coordinante  model  for  Cr^4" 
In  cubic  crystal  field  site.  The  radiationless  relaxation 
rates  which  are  listed  are  predicted  for  ruby  in  ref.  [4]. 


energy  of  the  phonons  emitted,  and  is  the  phase  angle  at  which  the  signal 
due  to  transitions  from  the  initial  state  of  the  ith  transition  is  maximum. 

Nq  and  hvQ  are  the  number  and  energy  of  the  photons  in  the  excitation  beam. 
Thus  the  ratio  of  the  PAS  bands  for  Cr  ions  is  given  by 


'pas'  V 


*PAS(  V 


Na(1)hV2 

N (2)hv 
a 1 


(2) 


[*  (1  - E)hv(l  - E)  + A (1  - A) hv(l  - A)] 

y nr  nr 

A U (2  - E)hv(2  — E)  + 4>  (2  - A)hv(2  - A)  ] ’ 

nr  nr 


A 2 

where  (1  - E)  designates  a transition  from  to  E,  etc.  If  the  decay  to  the 
2 

E level  is  the  dominant  mechanism  of  relaxation  giving  rise  to  the  PAS  signal, 
Eq.  (2)  reduces  to 

wV  vi)hv2  - E)hv(i  - e> 

‘ V2>hvl  V'2  - E»w<2  - E>  ■ '3> 


Similarly,  the  ratio  of  integrated  band  intensities  in  the  excitation  spectra 
is  given  by 


*EXS(  V 


W T2> 


Na(l)hv2 

N (2)hv 
a 1 


<J>  (1  - E) 

nr _ 

$ (2  - E)  * 

Tnr' 


(A) 


Note  the  Eqs.  (3)  and  (4)  differ  only  in  the  ratio  of  phonon  energies  appearing 
in  the  former. 

4 4 

Table  1 lists  the  measured  ratios  of  the  T^  to  band  as  observed  in 
the  PAS  and  excitation  spectra  for  chromium  doped  Al2°3  and  MgO.  Also  listed 
is  the  ratio  of  the  bands  in  the  photoacoustic  spectra  after  being  multiplied 
by  the  ratio  of  phonon  energies  as  indicated  in  Eq.  (3).  For  the  case  of  ruby. 
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the  dominant  mode  of  relaxation  is  the  cascade  decay  of  the  ZE  level  and  then 
radiative  emission  to  the  ground  state • This  is  expected  from  the  decay  rates 
for  ruby  given  by  Fonger  and  Struck  [4], 

However,  for  chromium  doped  MgO  there  is  an  order  of  magnitude  difference 
in  the  band  ratios  obtained  from  PAS  and  those  obtained  from  excitation  spectra 
This  indicates  that  decay  modes  other  than  relaxation  to  the  ZE  level  are 
important  in  this  case.  One  possible  situation  which  would  cause  the  adjusted 

PAS  band  ratio  to  be  smaller  than  the  corresponding  excitation  band  ratio  would 

A o 

be  if  the  Tj  band  decays  mainly  through  relaxation  to  the  E level  while  the 

4 2 

T2  band  decays  both  by  relaxation  processes  to  the  E level  and  directly  to 

the  ground  state.  In  this  case  Eq.  (2)  becomes 


Table  1 

Ratios  of  integrated  band  intensities  in  PAS  and 
excitation  spectra 

Sample  lvvc(\)  l_(V)hv 


*nr<2  " A>hv<2  - A)  -1 
* (2  - E)hv(A  - E) 


Using  the  observed  PAS  and  excitation  spectra  results,  this  can  be  solved  for 
*nr<2  “ A)/*  (2  - E)  which  is  found  to  have  a ratio  near  unity.  Initially  it 


may  seem  surprizing  to  have  such  very  different  decay  properties  for  the 
3+ 

band  of  Cr  in  ruby  and  MgO,  especially  since  the  Huang-Rhys  factor  for  this 

band  is  not  significantly  different  in  the  two  hosts.  Host  probably  the  reason 

3+ 

for  this  difference  is  that  more  than  half  of  the  Cr  ions  in  MgO  will  be  in 

non-cublc  sites  due  to  local  defects  needed  for  charge  compensation  [5].  It 

has  been  shown  that  for  chromium  ions  in  rhombic  sites  the  relaxed  state  of 
4 2 

the  level  lies  below  the  E level  [5]  and  thus  for  ions  in  these  types  of 

4 

sites  relaxation  from  the  band  will  be  predominantly  to  the  ground  state. 

In  the  work  described  here  chromium  ions  in  all  types  of  sites  were  and  the 
observed  relaxation  effects  represent  the  superposition  of  the  different  re- 
laxation processes  for  ions  in  different  types  of  sites. 

The  spectra  reported  here  must  certainly  be  taken  as  preliminary  results 
indicating  the  importance  of  having  PAS  spectra  of  higher  resolution  and  faster 
time  capabilities  so  more  detailed  data  can  be  obtained.  However,  this  investi- 
gation demonstrates  the  ability  of  distinguishing  between  different  possible 
radiationless  decay  modes  by  comparing  PAS  and  excitation  spectra. 

The  authors  gratefully  acknowledge  useful  discussion  of  this  work  with 
Professor  G.  F.  Imbusch  and  also  with  to  thank  Dr.  J.  C.  Murphy  for  supplying 
us  with  a preprint  of  his  PAS  work  on  ruby  before  publication. 
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VIII.  Mlscillaneou8  Studies 


Several  secondary  research  efforts  have  been  initiated  to  try  to  clarify 
some  specific  points  concerning  the  materials  of  interest.  A joint  research 
project  to  study  the  thermal  luminescence  properties  of  our  CaWO^  crystals  was 
started  with  Prof.  E.  Kohnke  of  our  faculty.  It  is  hoped  that  this  investigation 
will  lead  to  a better  understanding  of  the  defect  centers  in  this  material 
which  play  an  important  role  in  our  energy  transfer  model.  Also  we  are  collabor- 
ating with  Prof.  W.  Unruh  of  the  University  of  Kansas  in  light  scattering 
studies  of  our  YVO^  samples.  It  is  hoped  that  this  will  provide  a better 
understanding  of  the  scattering  centers  which  have  limited  the  usefullness  of 
this  material  in  optical  applications.  A third  joint  effort  has  been  started 
with  Prof.  B.  Ackerson  of  our  department  on  antistokes  excitation  studies  of 

3+ 

Er  ions  in  our  YVO^  samples.  This  work  should  yield  information  on  the 
electron-phonon  coupling  parameter  for  this  system  so  it  will  not  have  to  be 
treated  as  an  adjustible  parameter  in  fitting  our  energy  transfer  data.  So 
far  the  results  have  been  difficult  to  Interpret  because  of  the  interference 
of  resonant  Raman  scattering  peaks. 

The  last  four  months  of  this  grant  period  were  spent  working  with  Prof.  A. 
Zewail  at  California  Institute  of  Technology.  During  this  time  information 
was  obtained  on  using  the  techniques  of  transient  grating  spectroscopy  and 
coherent  transient  spectroscopy  and  we  are  now  in  the  processes  of  setting  up 
these  experimental  techniques  in  our  laboratory.  Transient  grating  spectroscopy 
is  a type  of  four  wave  mixing  spectrscopy  which  allows  the  detection  of  spatial 
energy  migration  without  spectral  diffusion.  Coherent  transient  methods  such 
as  free  induction  decay  can  provide  information  on  the  coherence  lengths  of 
migrating  excitons.  We  plan  to  apply  both  of  these  techniques  to  our  character- 
ization of  stoichiometric  laser  materials. 
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